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Introduction 


It  was  the  technical  aim  of  this  work  to  investigate  by 
nanosecond  and  sub-nanosecond  time-resolved  fluorescence  and 
fluorescence  anisotropy  techniques  the  interactions  between 
chromophores  in  poly(vinyl  aromatic)  polymers,  the  sub-group 
motion  of  such  polymers,  and  energy  migration  in  these  systems. 

It  was  envisaged  that  studies  on  polymers  in  dilute  solution 
would  be  completed,  and  extended  to  concentrated  solutions,  solid 
polymers,  and  where  feasible,  polymer  melts. 

In  dilute  fluid  solution,  we  have  carried  out  an  extensive 
study  of  styrene  containing  polymers  and  copolymers,  reported 
below,  in  which  excimer  formation  is  related  to  excitation 
migration  and  segmental  motion.  Some  steady-state  anisotropy 
measurements  were  also  made. 

In  solid  state,  very  extensive  studies  on  the  fluorescence 
of  poly(diacetylene)  polymers  were  made,  again  with  particular 
emphasis  on  exciton  diffusion  in  ordered  crystals,  and  disordered 
polymers  in  solvent  glasses  at  low  temperatures. 

A  major  experimental  objective  of  the  work  was  to  design 
apparatus  capable  of  very  accurate  measurements  of  time-resolved 
fluorescence  anisotropy  of  'labelled'  synthetic  polymers.  This 
proved  to  be  difficult,  but  was  eventually  achieved,  and  the 
equipment,  was  used  to  study  the  vinyl  aromatic  tagged  acrylic 
polymers  in  dilute  and  concentrated  solution  which  was  proposed 
original  1 y. 

T he  results  achieved  are  discussed  in  detail  below. 
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2. 


Experimental  methods  used 


The  experiments  were  carried  out  using  two  pieces  of 
apparatus  in  which  pulsed  laser  excitation  was  used  to  excite 
fluorescence  in  a  sample,  which  was  monitored  using  the  well- 
tried  technique  of  time-correlated  single-photon  countingfl]. 

System  1[ 2  ] 

In  this  system,  shown  in  Figure  1,  the  excitation  source  was 
a  4W  Argon-ion  laser  (Spectra  Physics  166)  operated  as  a  cavity- 
dumped  only  device.  The  resultant  pulses  were  approximately  10ns 
full  width  at  half  maximum  intensity  (FWIIM)  and  at  repetition 
rates  variable  from  single  to  3Mllz.  Although  these  pulses  are 
broad,  the  system  lias  been  shown  to  extract  subnanosecond 
fluorescence  lifetimes  wiLh  confidence.  Tuning  of  the  output 
wavelength  of  the  laser  using  an  intrarnvity  prism,  enabled 
pulsed  output  of  most  of  the  Argon-ion  'lasing'  lines  (514.5, 
5(11,7,  496,5,  488.0,  476.5,  472.7,  465.8,  '457.9  +  454.5', 

437. Inm).  For  excitation  of  the  samples  under  study,  it  was 
necessary  to  frequency  double  the  514. 5nm  output  to  257,25nm  in 
order  to  obtain  the  desired  wavelength.  This  was  accomplished  by 
focussing  the  output  of  the  laser  to  a  beam  waist  at  the  centre 
of  a  temperature-tuned  non-linear  crystal  (ADP)  (Coherent  model 
440  1’V  generator). 

This  ion  laser  was  operated  as  a  cavity-dumped  only  device, 
as  the  electronics  were  not  sufficiently  stable  to  simultaneously 
mode-lock  and  cavity  dump,  although  use  of  an  rf  synthesiser 
(Rncal  Dana  8082)  enabled  it  to  be  successfully  mode- locked, 
synchronisation  with  the  cavity  dumper  proved  unsuccessful.  New 
electronics  are  currently  being  built  to  overcome  this  problem, 
r t  should  also  be  noted  that  this  system  was  made  prior  to 
integer  +  1/2  technology,  thus  even  when  fully  working,  pulse 
suppression  will  be  a  problem,  especially  as  the  cavity  length 
is  shorter  and  hence  the  mode-locked  pulses  are  even  closer 
together  (10ns).  Ill  (Iris  system  the  mode-locker  lt'“quoury, 
48,511117,  is  !/8th  of  the  cavity  dumper  frequency,  with  the  pulse 
repetition  frequency  related  in  the  same  way  as  previous,  giving 
rates  of  4.85M1I7,  hTOKTIr,  etc...  Kepi  acement.  of  the  Spectra 
Physics  466  driver  with  a  Poherent/llar  r  i  s  101  inlrodured  a 
different  range  of  repetition  rates  (  l.KMIlz,  760KII7,  etc)  related 
to  the  Coherent  CR18  laser,  operating  with  a  mode  locker 
frequency  of  38.5Mllz,  (1/lOtli  of  the  cavity  dumper  frequency). 

The  ma  jor  problem  with  this  system  opera!  ing  in  this 
configuration,  is  the  Structure  within  the  cavity  dumped 
envelope.  Tiiis  system  has  been  operated  previously  using  the 
cavity  dumper  in  a  CW  dye  laser.  However,  by  small  adjustments 
of  t  tie  Bragg  cell,  elimination  of  the  structure  was  possible, 
assumed  to  be  due  to  depliasing  of  the  two  interfacing  beams.  Ihe 
temporal  resolution  of  this  spectrometer  was  also  lower  and  thus 
with  the  increased  resolution  of  the  present  spect remoter  the 
structure  became  more  of  a  problem.  Figure  2o  shows  a  cavity- 
dumped  pulse  detected  using  the  photon  counting  detection  sysLein, 


4 


Figure  2  Cavity  dumped  pulses  detected  using  single-photon 

detection 

(a)  Double  pass  configuration 

(b)  Single  pass  configuration 

demonstrating  the  structure  within  the  pulse.  Using  the 
aforementioned  'dephasing'  technique  was  both  difficult  and 
unreliable.  Figure  2b  shows  another  pulse  detected  under  the 
same  conditions  as  previously  but  here  the  structure  has  been 
removed  successfully  by  eliminating  the  first  diffracted  beam  and 
thus  avoiding  interference  of  the  two  output  beams.  This  method 
proved  far  superior  and  was  now  adopted  for  general  use. 

System  2[ 2 ] 

The  second  system  shown  in  Figure  3  compromised  an  activity 
mode-locked  (Spectra  Physics  342)  12W  Argon-ion  laser  (Spectra 
Physics  171),  synchronously  pumping  a  Rhodamine  hG  dye  laser 
(Spectra  Physics  375)  with  an  intracavity  dumper  (Spectra  Physics 
344).  Pulses  produced  Vere  10ps  FWIIM  and  at  repetition  rates 
variable  from  single  shot  to  4MIIZ  'lasing'  of  Rhodamine  6G  was 
possible  over  the  wavelength  range  of  570-620nm  and  selection  of 
the  desired  wavelength  was  achieved  using  a  dielectronically 
coated  tuning  wedge.  This  wavelength  range  was  unsuitable  for 
the  molecules  of  interest  and  thus  frequency  doubling  was  also 
applied  here,  using  an  angle-tuned  ADP  crystal  (JK  Lasers  Ltd). 
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Figure  3  Schematic  pf  spectrometer  incorporating  cavity- 
dumped,  synchronoulsy  pumped  dye  laser 
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The  detection  electronics  of  both  systems  were  identical  in 
operation  but  differed  in  models  used.  The  make  and  models 
quoted  below  in  parenthesis  are  for  the  System  1  and  System  2 
laser  systems,  respectively. 

3 

Solution-phase  samples  were  contained  in  1cm  suprasil 
quartz  cuvettes  with  facilities  for  degassing  by  the  freeze-pump- 
thaw  technique.  Fluorescence  was  monitored  perpendicular  to  the 
direction  of  excitation,  by  focusing  the  light  using  a  3cm  focal 
length  lens  on  to  the  slits  of  a  high  resolution  monochromator 
(Rank-Precision  Monospek  1000,  Rank-Precision  D330). 

Fluorescence  was  detected  using  a  fast  photomultiplier  (PM)  tube 
(Philips  56DUVP,  Philips  XP2020Q)  wired  for  single-photon 
counting  and  biased  at  2.3KV  by  a  Farnell  F,2  stablised  power 
supply.  The  output  signal  from  the  PM  tube  was  fed  to  a  constant 
fraction  discriminator  (Ortec  463,  Ortec  934),  the  output  of 
which  was  then  delayed  (to  centralise  decay  on  screen  of  MCA) 
using  nanosecond  delay  lines  (S.F..N.  FE290,  Ortec  425A)  and 
applied  to  the  START  input  of  the  time-to-amplitude  converter 
(TAC)  (Ortec  437A/467,  Ortec  457).  In  the  conventional  set  up 
this  is  the  STOP  input,  however,  owing  to  the  high  repetition 
rate  of  the  laser,  an  inverted  mode  of  TAC  operation  is  employed. 
The  STOP  input  to  the  TAC  was  obtained  from  a  TTI,  signal  from  the 
rear  of  the  cavity-dumper  driver  (Spectra  Physics  466/Harris  101; 
Spectra  Physics  454)  which  is  synchronised  with  the  cavity-dumper 
drive  signal.  No  difference  was  observed  in  using  this  method  in 
place  of  the  conventional  technique  of  using  a  photodiode,  and  was 
thus  used  for  convenience. 

The  output  voltage  from  the  TAC  was  fed  to  the  MCA  (Northern 
NS600/Norland  Inotech  5300,  Canberra  series  30)  operating  in  the 
pulse-height  analysis  mode.  One  half  of  the  memory  (256/512,  512 
channels)  used  to  store  the  fluorescence  decay,  and  the  other 
half  to  store  the  instrument  response  function.  Data  was 
collected  to  a  minimum  of  30000  counts  in  the  channel  of  maximum 
intensity  in  order  to  obtain  a  good  signal-to-noise  ratio,  which 
is  required  to  justify  the  use  of  complex  fitting  functions.  The 
TAC  range  was  chosen  to  allow  the  fluorescence  intensity  to  decay 
through  at  least  three  decades  of  intensity  and  thus  prevent 
omission  of  any  long  lived  fluorescence  species. 

Data  was  transferred  to  a  Perkin-F.lmer  7/32C  minicomputer 
and  then  analysed  using  an  iterative,  non-linear  least  squares 
reconvolution  program,  written  in  Fortran  4. 

Analysis  of  data  is  discussed  in  the  relevant  sections 
below,  and  in  Appendix *1.  The  use  of  the  apparatus  to  make  time- 
resolved  anisotropy  measurements  is  discussed  in  Appendix  II. 
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3. 


Luminescence  of  poly(styrene)  and  copolymers 


Poly(styrene)  is  a  characteristic  vinyl  aromatic  polymer  in 
that  it  exhibits  strong  excimer  fluorescence,  an  excimer  being 
an  excited  state  dimer,  the  formation  and  decay  of  which  follows 
the  Birks  kinetic  Scheme  1  for  free  chromophores  in  solution[3]. 
For  the  case  of  vinyl(naphthalenes)  we  showed  in  earlier  work[4- 
7]  on  the  basis  of  analysis  of  monomer  fluorescence  that  Scheme  2 
was  most  compatible  with  the  observations.  The  results  were 
based  upon  the  empirical  fitting  of  fluorescence  decay  curves  to 
a  sum  of  three  weighted  exponentials,  and  have  been  criticized  on 
the  grounds  that  more  complex  mathematical  models  can  in  some 
circumstances  be  mimicked  by  three  exponential  terms  (i.e.,  a  six 
parameter  fit) [10].  We  have  responded  to  these  criticisms  in  a 
recent  article  reproduced  here  as  Appendix  I.  We  believe  in 
particular  that  the  methods  of  analysis  used  here  are 
particularly  valid  in  the  case  of  poly(styrenes),  and  we  thus 
present  here  our  conclusions  based  upon  this  analysis,  the  basis 
of  which  is  outlined  below. 


M+hvM  2M+.hvD 


Scheme  1  Kinetic  scheme  for  excimer  formation  and  decay 
after  Birks 


M 


Scheme  2  Possible  scheme  for  excimer  kinetics  in 
copolymers  of  vinyl(naphthalene) 

Scheme  2  • 


In  this  photophysica 1  scheme  it  is  proposed  that  M.  and  D* 
interact  by  an  exciton  diffusion  mechanism.  is  considered  to 

be  an  isolated  naphthalene  chromophore  which  can  transfer  energy 
into  Mj*  with  a  transfer  rate  characterised  by  the  rate 
coefficient  k^.  Reverse  transfer  from  Mj*  to  M  *  is  considered 
unimportant  for  the  following  reason.  Exciton  diffusion  is 
expected  to  be  very  efficient  within  sequences  of  naphthalene 
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chromophores  within  the  chain,  comprising  the  Mj*  sites.  In 
view  of  the  reduced  lifetime  of  M^*  relative  to  and  of  the 
delocalised  nature  of  the  energy  within  extended  chromophore 
sequences  which  increases  the  effective  separation  of  M.*  and 
M  * ,  Mj*  to  M2*  energy  transfer  by  Foster  or  Dexter  mechanisms  is 
dimished  relative  to  the  M2*  to  Mj*  process. 

Analysis  of  results 

In  Scheme  2  the  emissions  from  M  *  and  M2*  will  be 
spectrally  indistinguishable  and  if  it  is  assumed  that 


kM  kFM  +  kIM 


(D 


is  identical  for  each  species,  then  the  decay  profiles  i  (t)  and 
i„(t)  recorded  for  monomer  and  excimer,  respectively,  may  be 
derived  as 


iM(t)  =  Aj  expC-Ajt)  +  A2  exp(-^2t.)  +  A^  exp(-x3t)  (2) 


and 


ip(t)  =  A4  expC-Ajt)  +  A5  exp  (-X2t)  +  A&  ex|>(-Vjt  )  (3) 

where 

X1>2  -  1/21  (X  +  Y)  +  UY  -  X)2  +  4kMD  kw1[M])l/2]  (4) 

and 


v  =  kM  +  kDM  [H]<  Y  -  k„  +  k 


Ml) 


where 


a~d 


kD  ”  kI’n-+  kTD 


x  1  X2  ”  UM  +  UDM  ^  kD  +  kMD 


'nd 


(51 


X3  =  l't  +  ^  f"r  S'-heme  2  < 6) 

Fquatinn  (2)  is  compatible  with  ’he  observation  of  tr’’pl" 
components  in  the  decay  of  monomer  fluorescence  in  all  polymers 
studied.  The  model  may^thus  be  used  to  vield  rate-constants  in 
the  following  way. 


Determination  of  rate  coefficients 


For  low  molar  mass  species  in  which  intermol ecular  excimer 
formation  results  from  a  diffusion  controlled  interaction, 
individual  rate  parameters  may  be  determined  by  the  following 
methods,  summarised  in  Table  1. 
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(1)  From  a  study  of  the  concentration  dependence  of  Xj  and 
rate  parameters  may  be  extracted  from  the  ‘ 

empirical  data  by  a  variety  of  extrapolation  techniques. 


(a) 

(b) 

(c) 

(d) 

(e) 

(O 

(g) 

(h) 

(i) 


k^  may  be  estimated  from  the  unquenches  monomer 
lifetime. 

Since  X^  ■*  k,,  as  [M]  *  (),  kj, ^  may  be  estimated  from  the 
intercept  of  X^  as  a  function  of  [ M ] . 

Since  (  X^  +  X  )/  [ M ]  =  k  ,  k^(  is  conveniently 
estimated  as  the  slope  of  plot  of  ( X^  +  X  )  against  [ M ] . 
As  [M]  -*•  ",  X2/  [M]  ■+  k^;  k^  may  be  obtained,  as  an 

alternative  to  method  (c),‘  from  a  plot  of  X^  as  a 
function  of  [M] 

Since  (X,  +  X^)  -*•  k^  +  k^  +  k^  as  [M]  +0  the 
intercept  of  ( X,  +  X2)  against  ( M J  may  bo  used  in 
combination  with  (a)  or  (b)  or  estimate  (k,,..  +  k..). 

Since  (X^)  -+  kf](k  +  kp)  as  [M]  +  0,  (k  +  kp)  may 

bo  estimated  as  an  alternative  to  method  (e)  from  a 


plot  of  (XX)  as  a  function  of  [M]  through  substitution 
of  kjj  from  (a)  or  (b). 

The  slope  of  (XX)  vs.  [M]  furnishes  kb„kp.  Thus,  k^ 
may  be  estimated  using  the  value  of  k'..  from  either  (c) 
or  (d). 


As  f M ]  -*•  «,  X  ■+  kD. 

k...  may  be  estimated  by  combinations  of  (e)  and  (f) 
w'ith  (g)  and  (h). 


The  results  obtained  by  these  procedures  on  pol y(styrene) 
and  copolymers  with  methyl  methacrylate  can  be  summarised  as 
follows. 


Fluorescence  decay  curves  were  recorded  in  the  regions  of 
monomer  emission  (at  270  and  290nm),  and  excimer  emission  (at 
340nm).  The  monomer  decay  i^t)  was  poorly  described  by  a  single 
exponential  function  hut  was  well  characterised  by  a  dual 
exponential  fit  of  the  form 

iM(t)  =  Aa  exp(-t/ra)  +  A()  exp(-t/rb)  (7) 

where 

A  =  1.15  A.  =  0.004 

a  b 

t  =  0.88  (+  0. 10)ns  t  =  14.9  (+  o.8)ns 

a  b 

4 

The  excimer  decay  i~(t)  was  poorly  described  by  single  and  double 
exponential  fits.  The  inadequacy  of  the  double  exponential  fit 
may  he  due  in  part  to  instrumental  distortion  experienced  in 
analyses  of  emission  data  subject  to  large  energy  displacements 
from  that  of  excitation.  However,  analysis  of  the  fluorescence 
response  excluding  the  rising  portion  of  the  decay  profile 
yielded  a  lifetime  of  15.3  (+  0.2)ns.  This  long  decay  time  may 
be  assigned  to  that  of  the  excimer  consistent  with  a  previous  report. 
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Table  1  Procedures  for  derivation  of  rate  constants 


Method 

Procedure 

Function 

derived 

Derived  parameter 

(a) 

Measurement  of  unquenched 
monomer  lifetimes 

kM 

kM 

(b) 

Extrapolation  of  A.  to 

[MJ  =  0 

kM 

kM 

(c) 

A  J  +  \  ry  ) 

at  Ml 

kDM 

kl)M 

(d) 

a koM  as  lMl  -*■  ” 
afMl 

k  DM 

kI)N 

(e) 

Oj  +  *  kM  +  kMD  +  kp 

at.  CM]  -*•  0 

kM  +  kMD  +  kD 

kMD  +  kD 
by  combination 

with  (a)  or  (b) 

(f) 

(  V2>  -  kM(kMI>  +  kD)  as 
cmj  -  o 

kM(kMD  +  V 

byDcombPnat ion 
with  (a)  or  (b) 

(g) 

X1  =  kDMkD 

3lMl 

kDMkl) 

kD 

by  combination 
with  (c)  or  (d) 

(h) 

.Aj  -*•  kD  as  { M  ]  ” 

kD 

kD 

(i) 

(e)  or  (f)  plus  (g)  or  (h) 

kMD 

kMD 

Consideration  of  the  relative  magnitudes  of  the  pre¬ 
exponential  factors  and  and  decay  times  t  and  r.  (equation 
7)  reveals  that  the  subnnnosecond  component  dominates  the 
fluorescence  decay  (constituting  94.4%  of  the  emission  profile). 
Comparison  of  t  with  the  value  obtained  for  that  of  the  excimer 
described  above  indicates  that  may  be  associated  with  the 
excimer  dissociation  to  produce  excited  state  monomer.  Hence  in 
contrast  with  previous  reports  the  reverse  dissociation  pathway, 
although  of  rather  minor  significance,  is  not  completely  absent. 
Conclusive  evidence  of  this  fact  is  provided  by  the  time  resolved 
emission  spectra  presented  in  Figure  4. 

4 

The  early  gated  spectra  are  dominated  by  monomer 
fluorescence.  However,  as  the  time  interval,  /£ ,  between 
excitation  and  analysis  is  increased  the  relative  proportion  of 
excimer  to  monomer,  i„/i^,  is  observed  to  increase.  This  is 
consistent  with  the  observation  of  a  longer  lived  excimer  and 
with  the  proposition  that  excimer  may  be  generated  from  excited 
state  monomer.  More  importantly  it  should  be  noted  that  in  the 
late  gated  spectra,  sampled  at  times  at  which  emission  from 


Figure  4  Time  resolved  fluorescence  spectra  of 
poly(styrene)  in  degassed  dichloromethane  recorded  at  delays 
of  (a)  Ons;  (b)  3.8ns;  (c)  7.7ns;  (d)  11.5ns;  (e)  15.4ns; 

(f)  19.3ns;  (g)  28.8ns;  (h)  38.4ns  following  excitation.  A 
gate  width  of  3.2ns  was  used  throughout. 

directly  excited  monomer  would  not  be  extant  a  small  contribution 
from  monomer  emission  is  observable.  Additionally  the  ratio 
ip/i^  tends  to  a  constant  value  at  long  times  indicative  that  the 
monomer  emission  observed  in  these  spectra  results  from  reverse 
dissociation  of  excimer. 

• 

The  principal  differences  between  the  photophysical 
behaviour  of  poly(styrene)  and  poly(vinyl  naphtha! ene) [ 5 ]  or 
poly(l-naphthylmethacrylate)[8]  are  that  (i)  in  the  pol y(styrene) 
homopolymer  monomer  the  emission  decay  is  well  described  by  a 
dual  exponential  function.  Consequently  there  is  no  evidence  in 
these  dates  for  the  presence  of  an  'isolated'  monomer  as 
postulated  to  explain  the  triple  exponential  fits  in  naphthalene 
containing  polymers,  (ii)  The  reverse  dissociation  of  excimer 
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appears  to  be  of  less  importance  in  poly(styrene)  than  in  the 
polymers  bearing  naphthyl  chromophores. 

Styrene-methyl  methacrylate-copolymers! 12 J 

Table  2  lists  the  parameters  governing  polymer 
microcomposition  necessary  for  the  description  of  the 
photophysical  behaviour  of  the  copolymers.  The  derivation  and 
significance  of  the  functions  f  (mole  fraction  of  aromatic)  f 
(fraction  of  bonds  between  styrene  derived  species)  and  1  (mean 
sequence  length  of  aromatic  in  the  copolymers)  have  been 
discussed  in  paper  12  listed  in  this  report. 

As  with  the  homopolymer  fluorescence  decay  curves  were 
recorded  in  the  spectral  regions  corresponding  to  monomer  and 
excimer  fluorescence.  The  emission  intensity  decay  of  the 
excimer  could  not  be  described  well  by  single  or  dual  exponential 
functions.  Triple  exponential  fitting  is  not  justified  due  to 
uncertainties  introduced  by  instrumental  distortions  consequent 
upon  large  spectral  displacements  from  the  excitation  wavelength. 
Consequently,  excimer  'lifetimes',  t  were  obtained  by  a  similar 
'tail  fitting'  treatment  as  described  for  the  homopolymer  and  are 
collated  in  Table  3. 

Table  2  Composition  data  for  Styrene-methylmethacrylate 

copolymers 


Sample 

f 

s 

f 

ss 

s 

1 

0.04 

0.000 

1.01 

2 

0.17 

0.009 

1.05 

3 

•.  0.28 

0.400 

1.13 

4 

0.36 

0.057 

1.25 

5 

0.46 

0.132 

1.36 

6 

0.49 

0.163 

1.54 

7 

0.60 

0.286 

1.87 

8 

0. 66 

0.375 

2.31 

9 

0.75 

♦ 

0.518 

3.26 

10 

0.87 

0.737 

6.73 

11 

0.94 

0.891 

18.00 
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Table  3  Decay  data  for  Styrene-methylmethacrylate  copolymers 


Sample 

A1 

T  j/ns 

A2 

T2/ns 

A3 

Vns 

f  p/ns 

1 

0.018 

7.91 

0.165 

21.63 

2 

0.017 

8.80 

0.146 

22.51 

3 

0.033 

5.28 

0.154 

19.51 

4 

0.062 

4.88 

0.143 

17.74 

5 

0.109 

4.77 

0.124 

14.00 

17.16 

6 

0.130 

4.37 

0.115 

13.54 

16.26 

7 

0.026 

15.9 

0.162 

2.4(8) 

0.127 

7.80 

15.89 

8 

0.010 

15.3 

0.287 

1.8(4) 

0.147 

5.70 

15.47 

9 

0.011 

15.2 

0.297 

1.3(6) 

0.119 

4.20 

15.33 

10 

0,009 

16.7 

1.090 

0.8(5) 

0.031 

2.4(1) 

14.19 

11 

0.006 

14.6 

0.648 

0.9(4) 

0.183 

2.0(9) 

15.28 

The  time  dependence  of  fluorescence  intensity  in  the  region 
of  monomer  emission  i^t)  could  not  be  adequately  characterised 
in  terms  of  a  single  exponential  function  for  any  composition  of 
styrene  examined.  In  the  lower  styrene  composition  range 
(samples  1-6;  styrene  content  4-49%)  i^j( t )  was  well  described  by 
a  dual  exponential  function  of  the  form  of  equation  (7). 

However,  at  aromatic  contents  of  60  mole  %  and  greater  it  was 
necessary  to  invoke  triple  exponential  functions  of  the  form 

iM(t)  =  aj  exp(-t/T  j )  +  A2  exp(-t/X2)  +  A 3  exp(t/T;3)  (8) 

The  data  are  shown  in  Table  3.  Interpretation  of  these  results 
with  reference  to  Scheme  2  yields  the  rate  coefficients  given  in 
Table  4.  The  results  are  described  in  full  elsewhere[ 1 2 ],  but 
the  main  conclusions  reached  are:- 

(1)  It  is  apparent  that  the  mechanism  proposed  for  the 
description  of  intramolecular  excimer  formatio,  in 
naphthalene-containing  polymers  is  a  feasible  kinetic  scheme 
for  the  phenomena  in  macromolecules  containing  styrene. 

(2)  The  photophysical  behaviour  of  poly( styrene)  is 
different  from  that  of  the  homopolymers  of  the 
vinylnaphthalenes  and  L-napthyl  methacryacrylate.  It  would 
appear  that  in  poly(styrene)  there  is  no  detectable 
influence  from  'isolated'  monomeric  groups,  M.,*. 

Consequently  it  may  be  inferred  that  M2*  sites  in  styrene 
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copolymers  are  associated  with  physically  isolated 
chromophores.  In  naphthalene  polymers  sites  are  evident  in 


Table  4  Rate  coefficients  for  Styrene-methyl  methacrylate 
copolymers  derived  by  procedures  listed  in  Table  1 


Rate  coefficient 

Value/10  7  s  1 

Method 

kM 

8.74 

(a) 

6.0 

(  + 

1.0) 

(b) 

akDM 

51.1 

(  + 

6.4) 

(c) 

47.2 

(  + 

6.4) 

(d) 

kMD  +  kD 

13.5 

(  + 

2.7) 

(e) 

15.6 

(  + 

2.7) 

(f) 

kD 

6.9 

(  + 

1.0) 

(8) 

6.9 

(  + 

0.5) 

(h) 

kMD 

7.7 

(  + 

2.0) 

(i) 

the  absence  of  'spectroscopic  spacers'  and  can  be  associated 
with  species  whose  kinetic  isolation  is  not  soltjy  consequent 
upon  separation  from  similar  chromophores. 

(3)  Population  of  excited  state  monomers  by  reverse 
dissociation  of  excimer  does  occur  in  pol y(styrene) . 

Styrene  acrylonitrile  copolymers 

A  series  of  styrene-acrylonitrile  copolymers,  of  composition 
shown  in  Table  5  has  been  t ho  sub  ject  of  a  similar  investigation. 
Results  will  be  reported  in  full  elsewhere[ 13 1 ,  and  thus  only  a 
digest  of  the  work  is  given  here.  Thus  we  can  compare  the 
tendency  for  excimer  formation  in  the  styrene-acrylonitrile 
copolymer  series  with  that  of  the  styrene-methyl  methacrylate 
series.  This  is  hampered  by  the  fact  that  the  two  copolymer 
systems  do  not  show  the  same  function  dependence  of  upon 

chain  microcomposition.  Hence  a  direct  comparison  is  not 
possible  and  simple  comparison  of  the  r^/I^  of  two  polymers  of 
the  same  mole  fractioon*of  chromophores  is  meaningless. 

The  series  may  however  be  compared  in  two  ways. 

(i)  The  styrene-acrylonitrile  copolymer  sample  1  (cf.  Table  5) 

has  an  f  of  0.49  and  happens  to  have  a  similar  1  / I  to  that  of 
a  stryrene-methyl  methacrylate  copolymer  of  the  same  mole 
fraction  (Table  2).  Comparison  of  the  values  of  f  for  the  two 
polymers,  however,  reveals  that  for  the  styrene-acrylonitrile 
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copolymer  f  =  0.08  (Table  5)  whereas 
methacrylatf  copolymer  f  =  0. 16[12] 
facility  for  excimer  formation  in  the 


for  the  styrene-methyl 
illustrating  the  greater 
acrylonitrile  copolymer  series. 


Table  5  Styrene-acrylonitrile  copolymer  microcomposition 
data[ 13] 


Copolymer 

F 

f 

f 

P 

1 

s 

s 

ss 

ss 

s 

1 

0.295 

0.49 

0.08 

0.17 

1.20 

2 

0.404 

0.55 

0.13 

0.24 

1.32 

3 

0.434 

0.56 

0.13 

0.23 

1.30 

4 

0.602 

0.62 

0.24 

0.39 

1.64 

5 

0.621 

0.63 

0.25 

0.40 

1.65 

6 

0.739 

0.64 

0.32 

0.51 

2.04 

7 

0.743 

0.65 

0.32 

0.49 

1.97 

8 

0.844 

0.69 

0.42 

0.61 

2.58 

9 

0.882 

0.68 

0.38 

0.  56 

2.27 

10 

0.925 

0.80 

0.62 

0.77 

4.40 

(ii)  Alternatively  the  extent  of  excimer  formation  may  he 
compared  for  two  polymers  of  similar  microcomposition.  The 
styrene-acrylonitrile  sample  9,  f  =  0.68  (Table  5)  has  a  very 
similar  chain  microcomposition  to' that  of  the  methyl  methacrylate 
analogue  of  f  =  0.66  (Table  2).  for  both  polymers  f  =  0.38 
yet  the  value'of  1^/1^  exhibited  by  the  styreno-acry  I  oil 1 1  r  i  lo 
polymer  exceeds  that  of  its  methyl  methacrylate  counterpart  by  a 
factor  of  about  2.5. 


Observation  such  as  those  demonstrate  that  the  efficiency  of 
excimer  emission  relative  to  monomer  is  enhanced  in  the 
acrylonitrile  series  compared  to  rnethy]  methacrylate  copolymers. 
Whilst  it  is  very  tempting  to  interpret  those  trends  in  terms  of 
reduced  steric  hulk  of  of  the  comonomer  enhancing  the  energy 
migration  or  the  concentration  of  trap  sites  such  effects  ate  not 
the  only  possible  causes  of  the  observed  trends.  Fo.  example, 
enhanced  deactivation  of  the  excited  monomeric  or  dimeric  states 
as  a  result  of  differing  environments  that  the  chromoplmres 
experience  in  the  two  copolymeric  systems  could  alter  the  ratio 
°f  In  principle,  fluorescence  data  obtained  under 

transient  excitation  conditions  can  considerably  enhance  the 
steady  state  information  ami  provide  further  information  in  the 
role  of  the  comonomer  in  controlling  the  extent  to  which  excimer 
emission  is  observed  in  styrene  copolymers.  The  results  obtained 
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yield  values  of  k.^  (scheme  2)  of  1.3  x  10  s  ,  ^hetyas  that  in 
the  styrene  methyl  'methacrylate  system  wjs  1  x  10'  s  .  k  by 
ronlrast  was  measure<l  to  lie  7.0  x  10  s  ,  very  similar  to  the 
value  in  the  styrene-methyl  methacrylate  case.  This  is  as  would 
he  expected,  since  the  intrinsic  decay  of  the  styrene  excimer 
should  iijjt  depend  upon  comonomer.  was  found  here  to  he 

3.9  x  10  s  ,  considerably  larger  than  that  in  the  styrene-MMA 
case.  Thus  both  formation  and  dissociation  of  styrene  excimer 
are  enhanced  hy  copolymerisation  with  the  loss  bulky  acrylonitrile 
comonomer • 

(iii)  Styrene-butadiene  block  copol  vniorsf  14  ] .  The  polymers 
identified  in  Table  6  wore  studied. 
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ii  refers  to  homopoi ymers,  B  to  single  block  copolymers  of  Lite  type  SB 

jiml  1)  to  block  copolymers  of  the  type  SBSB. 

Number  of  Styrene  units  in  the  sequence  length.  Values  listed  for  Bl¬ 
are  the  arithmetic  means  of  the  two  individual  sequence  lengths. 

Molar  mass  dependence  of  rate  parameters 

Reference  to  the  data  presented  in  Table  6  reveals  that  the 
rate  coefficients  for  excimer  deactivation  by  dissociation  to 
monomer,  and  by  all  other  photophysical  means,  k  ,  are 

(within  the  considerable  errors  incurred  in  the  analyses) 
independent  of  chromophore  sequence  length. 

Figure  “3  shows  the  dependence  of  the  term  k^fM]  upon  the 
number  of  styrene-derived  chromophores  in  a  continuous  sequence 
length  in  the  homopolymer,  single  block  copolymer,  and  dual  block 
copolymer  systems.  A  smooth  curve,  concave  to  t  lie  molar  mass 
axis,  is  produced,  provided  the  data  for  the  copolymers 
containing  two  styrene  sequence  lengths  are  calculated  assuming 
negligible  interaction  between  the  separate  chromophoric  blocks. 

The  general  trend  in  the  data  compares  well  with  that  reported  by 
Ishii  et  n  I  .  (  1  ~>  ]  for  the  rate  constant,  for  excimer  formation  in 
po l v{ st yreno )  homopolymrrs  and  those  reported  for  steady-state 
excimer  to  monomer  rat.  i  os[  1  a,  1  h,  1  7  ]  a  function  of  styrene 
sequence  length. 

The  superposition  of  dual  block  excimer  formation  rate  data 
upon  those  of  the  homopolymers  and  single-block  species  under 
these  conditions  emphasizes  the  negligible  influence  of  long- 
range  interactions  (whether  ol  a  diffusive  or  energy-transfer 
nature)  upon  the  phot.opljysica.1  behaviour.  Indeed  the  lack  of 
involvement  of  long-range  interactions  is  reinforced  by  the 
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figure  T  Not  of  f  1  ’]  |  vs.  N  t  ( •)  hnnopol  vmor  s ;  (o)  block 

f  npo |  y ri : r - r  s  of  type  Sg;  (  ■)  doubfe  block  copolymers  of  type 
M’SB;  f  o)  double  block  copolymers,  plotted  with  N 
r  opresent  i  ng  the  total  number  of  Styrene  units  in'  the 
pol  yn-er  . 


polymer . 

distinct  incompatibility  of  the  dual  block  copolymer  data  when 
the  overall  styrene  composition  is  considered  (cf.  Figure  5). 

The  derived  decay  parameters  and  their  molecular  weight 
dependence  allow  firm  conclusions  to  be  reached  regarding  the 
nature  of  the  kinetic  sites  and  their  mutual  interactions. 

The  kinetic  treatment  outlined  above  has  assumed  that  the 
dual  decay  parameter  combination  of  j  results  from  the 
existence  of  one  excited  monomeric  spciies  that  is  capable  of 
interacting  to  form  an  excimeric  state.  In  this  scheme  the 
longer  decay  time  is  consequent  upon  the  feedback  to  excited 
monomer  through  excimer  dissociation. 

The  alternative  interpretation  which  would  be  implied  by  the 
suggestions  of  MncCallumf 18, 19 ]  that  kinetic  discrimination  is 
resultant  upon  differences  in  compositionnl  environment  within 
the  chain  may  be  discounted  as  discussed  below.  According  to 
tlise  arguments  the  dual-exponential  decay  in  the  region  of 
monomer  emission  would  be  ascribable  to  the  decay  of  styryl  units 
located  in  environments  of  the  type  -SSS-  and  -BSS-  i.c.,  at 
sequence  interiors  and  termimi,  respectively.  Furthermore,  it  is 
assumed  that  excimer  dissociation  to  excited  monomer  does  not 
occur.  This  model  is  not  consistent  with  the  observed 
photophysical  behaviour  for  the  following  reasons. 

(1)  Intuitively,  it  could  be  reasoned  that  il  the 
differences  in  kinetic  activity  of  -SSS-  and  -BSS-  are 
solely  the  result  of  reduced  probability  of  excimer 
formation  as  a  consequence  of  the  2:1  ratio  of  potential 
excimer  sites  (and  modification  of  rotational  mobility  by 
differences  in  geometric  constraints  in  the  two  triad 
situations),  the  ratio  of  the  two  decay  times  would  be  much 
greater  than  observed.  in  other  words,  it  would  he  expected 
to  a  first  approximation  that  given  a  value  of  ca.  Ins  for 

Aj  descriptive  of  -SSS-  decay,  A^  for  -BSS-  triads  would  be 
expected  to  have  a  value  in  the  region  of  2-3ns  (provided  k^ 
k,„).  Reference  to  the  decay  data  of  Table  6  for  these 
block  copolymers  or  those  reported  for  homopol ymer s  and 
random  Styrene  copolymers  reveals  that  \f  in  all  instances 
is  much  greater  than  A  ^  and  of  the  order  of  magnitude 
observed  for  that  of  excimer  from  decay  analysis  in  the 
spectral  region  of  excimer  emission. 

(2)  Recent  work  in  which  the  emission  of  styrene  sequences 
was  quenched  by  intramolecular  energy  acceptors,  discussed 
below,  has  shown  that  not  only  do  two  decay  rates  exist  in 
sucti  a  situation  l*ut  that  the  long-lived  emission  is 
unquenched.  Those  observations  would  not  be  ai'.t  i  ci  pat  ed 
from  the  MacCalltim  model  since  the  ends  of  sequence  styrene 
chromophoros  are  located  adjacent  to  the  energy  traps. 
Consequently,  regardless  of  the  mechanism  of  energy 
quenching  the  terminal  groups  should  he  subject  to  severe 
quenching  as  a  result  of  considerations  of  distance  and  long 
unquenched  lifetime. 

(3)  The  qualitative  reasoning  presented  in  (1)  and  (2) 
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Figure  6  Plot  of  relative  contributions  of  component  1  to 
component  2  vs.  ratio  of  mid  groups  to  end  groups  in  the 
polymer 

assessment  of  the  model.  If  t,  and  are  associated  with 
excited  states  of  the  type  -SSS-  and  -SSB-,  respectively, 
then  the  relative  contributions  to  the  decay  profiles,  A 
T1^A2T2’  should  be  directly  proportional  to  the  ratio  of  the 
number  of  styrene  chromophores  situated  in  -SSS-  triads  to 
that  in  -BSS-  triads.  The  data  are  presented  in  Figure  6. 

It  is  apparent  that  the  relation  between  ^yTy/^7T2  an<* 
Nsss^sSB  is  characterised  by  an  extremely1  low  degree  of 
correlation.  Consequently,  we  have  no  evidence  for  the 
kinetic  discrimination  between  excited  monomeric  sites  in 
styrene  polymers  which  might  be  induced  by  differences  in 
location  within  the  chain. 

To  summarise,  we  believe  ttiat  the  dual  exponential  decoys 
obtained  in  the  region  of  monomer  emission  in  styrene  polymers 
are  not  the  result  of  the  existence  of  two  excited-state 
monomeric  species  distinguished  by  microcompositional  difference 
but  rather  a  consequence  of  the  existence  of  two  monomeric 
excited  states  separated  in  lifetime  through  their  mode  of 
creation:  One  state  occurs  as  a  result  of  energy  absorption  and 
is  quenched  by  excimer  formation.  The  other  excited  state  is 
formed  upon  dissociation  of  the  excimer.  Both  t  values  are 
averaged  quantities  representative  of  the  total  assemblage  of 
excited-state  chromophores  within  the  system. 

Following  the  above  discussion  it  is  possible  to  reconsider 
the  nature  of  the  molar  mass  dependence  of  excimer  formation  in 
poly(styrene) .  , 

Reference  to  Figure  5  reveals  that  there  are  two  distinct 
kinetic  regimes.  Below  ca.  23  styrene  units,  k„nj[M]  increases  in 
an  almost  linear  fashion  with  increasing  styrene  content.  Above 
ca.  35  styrene  units,  the  function  k|-,,[M]  becomes  independent  of 
molar  mass.  Since  we  have  shown  that  the  results  are 
inconsistent  with  the  existence  of  two  kinetically  distinct 
excited  monomeric  species  in  these  block  copolymers,  it  is 
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difficult  to  explain  the  form  of  the  molecular  weight  dependence 
without  invoking  the  concept  of  energy  migration. 


The  function  k  M ]  is  a  composite  term  comprising  a  rate 
coefficent  k-,.  that  will  reflect  contributions  from  exciton 
migration  anil  micro-Brownian  rotational  motions  of  the 
chormophoric  groups.  The  concentration  term  [M]  represents  the 
distribution  of  potential  excimer  sites  within  the  diffusion 
length  of  exciton.  In  the  low  molecular  weight  range  the  exciton 
path  length  is  defined  by  the  chromophore  block  length  and 
consequently  the  kinetic  behaviour  is  determined  by  the 
concentration  of  potential  excimer  sites  within  the  block.  The 
probability  of  energy  trapping  by  an  excimeric  site  is  dictated 
by  the  probability  of  excimer  site  creation,  which,  in  turn, 
depends  upon  the  number  of  chromophore  pairs  within  the  block  length. 
Consequently,  k^„[M]  increases  with  styrene  sequence  length. 

In  the  high  molecular  weight  region  k^[M]  tends  to  a 
constant  value,  which  is  indicative  that  once  the  styrene 
sequence  lengtli  exceeds  ca.  35,  the  probability  of  energy 
population  of  an  excimer  site  is  no  longer  dictated  by  the  number 
of  chromophoric  pairs.  This  implies  that  the  energy  is 
delocalised  over  an  average  about  35  styrene  units  and  is  limited 
to  this  extent  by  an  energy  trapping  at  excimer  sites.  Similar 
considerations  will  apply  to  the  dependence  of  I  /I  upon 
molecular  weight  studied  in  steady-state  excitation. 

Electronic  energy  migration  in  poly(styrenc) 

The  phenomenon  of  singlet  energy  migration  in  aromatic 
polymers,  with  trapping  at  intramolecular  low-energy  impurity 
sites,  has  been  the  subject  of  several  investigations  in  recent 
years.  No  clear  conclusion  has  been  reached  concerning  the 
nature  of  the  energy  transfer  processes.  Some  authors  have 
suggested  that  transfer  occurs  mainly  from  the  monomeric  moiety 
in  he  polymer,  some  have  favoured  a  mechanism  including  successive 
migration  from  monomer  excimer  guest,  whilst  others  have  proposed 
schemes  involving  transfer  from  both  monomer  and  excimer. 

We  have  reported  in  detail  results  on  a  poly(styrene) 
polymer[20]  labelled  with  a  copolymerised  phenyl  oxazole  moiety. 
Results  are  summarised  in  Figure  7,  and  are  explicable  in  terms 
of  the  kinetic  scheme  shown  in  Scheme  3,  where  S*  is  the  styrene 
monomer,  D*  the  styrene  excimer,  and  P*  the  phenyl  oxazole  trap. 

This  kinetic  scheme  may  be  solved  exactly  to  yield  the  following 
forms  for  the  decay  of  the  monomer  (i-(t)),  excimer  (i.(t))  and 
label  ( ip( t ) ) :  .  . 

ig(t)  =  Aj  expC-Xjt)  +  A^  exp(-X2t)  (9) 

iD(t)  =  A3[exp(-x2t)  -  exp(-Ajt)  ]  (10) 

ip(t)  =  A^  exp(- Ajt )  +  A5  exp(-X2t)  +  A&  exp(-x3t)  (11) 

where 
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\j  2  =  l/2[  (X  +  Y  +  kps  +  kp[))  +  {(X  +  k 


PS 


Y  kPD^ 


X  =  ks  +  kps 
Y  =  kD  +  kgD 
x3  =  kp 


+  4k  k 

DS  SD>  J 


(12) 

(13) 

(14) 

(15) 


Scheme  3 


The  pre-exponential  factors  A^,  A2,  ....  A^  are  complex  functions 
of  the  individual  rate  constants  in  the  kinetic  scheme  together 
with  the  initial  excited-state  concentrations. 


The  experimentally  observed  decay  profiles  recorded  at  290 
and  425nm  (Figure  7)  may  be  associated  with  the  proposed  decay 
functions  for  S*  and  P*  (equations  (9)  and  (11),  respectively). 
The  decay  at  325nm  will  be  described  by  a  combination  of 
equations  (10)  and  (11)  due  to  the  spectral  overlap  of  excimer 
and  label  fluorescence  at  this  wavelength.  Thus  a  triple 
exponential  decay  scheme  is  predicted  in  good  agreement  with  the 
observed  decay. 


From  equation  (12)  it  may  be  shown  that: 


Xi+X2=(X  +  Y)  +  kpg  +  kpp  (10) 

1^X2  =  (X  i  kPS^Y  kPD^  —  kDSkSI)  (1^) 

For  poly(styrene) ,  with  no  POS  label,  the  fluorescence  decay  may 
be  characterised  by  two  decay  parameters  Aj  ar.d  A 2  where: 


Xi  +  X2  =  X  +  Y 


X1X2  “  XY  kDSkSD 


(18) 

(19) 


Combinations  of  equations  (16)-(19)  with  the  values  of 

X,  Y  (from 


(from  the  present  work),  and  A,,  A 


previous  studies  above[12] 
and  k- 


yielde 


r 


tds’  :sd’ 

the  follow 


owing  values  for  k 


PS 


PD* 

kPS 


3.6  x  10  s 
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kpD  =  -  0.05  x  108  s  1  =  0 

The  following  conclusions  may  be  drawn  from  the  above  results. 

(1)  F.nergy  transfer  does  occur  from  the  poly(styrene) 
polymer  to  the  guest  POS  moities. 

(2)  Energy  transfer  to  the  guest  species  from  the  monomer 
is  more  important  than  from  the  excimer  (kp(,  >>  kpp).  Time- 
resolved  fluorescence  spectra  demonstrate,"  however,  that 
the  excimer  is  involved,  in  some  respect,  in  the  activation 
of  the  label,  since  the  excimer  lifetime  is  observed  as  a 
component  of  the  POS  decay  curve.  Results  from  the  kinetic 
analysis  (kp<,  >>  kpp)  would  suggest  that  this  is  due  to 
reverse  dissociation  of  the  excimer  to  re-form  excited 
monomer  which  then  activates  the  label,  rather  than  direct 
excitation  of  the  POS  from  the  excimer. 

(3)  It  is  perhaps  surprising  that  energy  transfer  to  the 
POS  label  is  less  favoured  from  the  excimer  than  from  the 
monomer  given  the  fluorescence  decay  times  and  spectral 
overlap  of  these  species.  One  possible  explanation  is  that 


Figure  7  Fluorescence  spectra  and  decay  characteristics  of 
POS  containing  pol y(styrene).  M*,  styrene  monomer  region, 
dual  decay  kinetics.  D*,  styrene  excimer  region,  triple 
decay  characteristics  (double  fit  shown  does  not  correlate 
with  other  wavelengths,  thus  meaningless).  P*  is  POS 
fluorescence,  triple  decay  characterist ics  when  styrene 
excited  (see  box),  but  single,  x  =  l.ORns  when  excited 
directly.  EGS  is  early-gated  time-resol  veil  spectrum  which 
matches  closely  spectrum  of  D*  excited  directly,  and 
difference  between  late-gated  spectrum  LGS  and  known 
spectrum  of  D*. 


tile  concentration  of  excimer  sites  in  tile  polymer  is  lr>w 
compared  to  the  monomric  chromophores.  In  this  case  the 
high  yield  of  excimer  to  monomer  fluorescence  observed  for 
poly(styrene)  must  imply  singlet  energy  migration  in  the 
polymer  so  that  any  exciton  may  have  a  reasonable 
probability  of  encountering  a  potential  excimer-forming 
site. 

( v 1  fluorescence  anisotropy  measurements  in  poly(styrene) 

As  outlined  above,  the  time-resolved  results  obtained  on  POS 
labelled  pol y(styrene)  suggest  that  energy  migration  perhaps 
occurs  in  poly (styrene)  in  dilute  solution.  This  hypothesis  is 
inconsistent  with  earlier  reports  that  the  fluorescence  of 
pol  y(styrene)  is  polarised,  even  in  dilute  sol  ution[  22,  23  ] .  This 
conflict  of  opinion  has  led  us  to  a  brief  investigation  of  the 
steady-state  and  time-resolved  fluorescence  of  pol y(styrene)  in 
dilute  sol ut.ion[24 J.  Steady-state  flurooscence  polarisations  for 
poly(styreno)-POS  polymers  and  for  poly(styrene)  were  measured  on 
a  Hitachi  I’erk in-Klmer  MPF-4  instrument  using  IINP'P<  (Polaroid 
Corp.)  polnrisers. 

In  the  two  typos  of  experiment  (laser  excitation  and  steady- 
state  fluorescence),  polarisations  were  corrected  for  anisotropy 
produced  by  the  diffraction  gratings  of  the  monomchromntor .  In 
the  laser  experiment,  a  dilute  solution  of  toluene  in 
dichloromethnne  was  used  to  determine  the  instrument  bias  for 
polarisation  at  335nm.  In  the  steady-state  experiments,  the 
correction  for  anisotropy,  which  is  wavelength  dependent,  was 
measured  for  each  experiment.  The  degree  ot  polarisation  is 
defined  by 
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where  G  =  is  the  correction  factor  for  the  anisotropy 

induced  by  the  instrument,  and  V  and  II  refer  respectively  to 
vertical  and  horizontally  polarised  excitation  or  analysing 
polnrisers.  As  a  check  in  the  methods  psod,  the  polarisation  of 
an  aqueous  solution  of  fluorescein  (10  M,  22  C,  pH  =  7)  was 
found  to  he  0.017  +  0.005,  in  good  agreement  witli  published  data. 
Measurements  on  PS  and  POS  are  recorded  in  Table  7.  The 
following  points  can  he  made; 


(a)  In  poJy(styrene),  excimer  emission  is  completely 
depol arised . 

(b)  In  the  POS  polymers,  selective  excitation  of  the 
styrene  moiety  at  265nm  results  in  complete  depolarisation 
of  the  excimer  emission  at  335nm  and  of  the  phenyl  oxazolc 
trap  at  380nm.  The  small  increase  in  measured  polarisation 
over  that  in  PS  itself  at  335nm  is  due  to  a  very  small 
amount  of  direct  excitation  of  the  oxazole  moiety  in  POS 
polymers  (sec  Figure  7). 

(c.)  Direct  excitation  of  the  oxazole  moiety  at  320nm  yields 
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a  measureable  polarisation.  This  is  entirely  compatible 
with  time-resolved  measurements  of  anisotropy  of  POS 
polymers  excited  with  a  dye  laser  at  300nm  (Figure  8)  which 
show  a  decay  from  an  initial  value  of  0.4  to  zero.  This  is 
compatible  with  segmental  motion  of  the  polymer  causing 
time-dependent  depolarisation  when  the  trap  is  excited 
directly.  Following  excitation  of  the  styrene  moietv 
however,  the  time-dependences  of  oxazole  trap  fluorescence 
polarised  parallel  and  perpendicular  to  excitation 
radiation,  on  a  time-scale  longer  than  200ps,  were 

ANISOTROPY  PPO/POLYSTYRENE  AT  300NM 


0  1 ,8A  3.06  A.BZ  6.56  6 . 20 

TIMECNANOSECONDS5 

Figure  8  Time-resolved  anisotropy,  r(t)[I  (t)  -  I  (t)]/ 

[I  (t)  +  21  (t)]  for  poly(styrene)  with  POS  label;  label 
excited  directly  at  300nm. 

identical,  in  agreement  with  observation  of  total 
depolarisation  in  the  steady-state  experiments[ 25 ] , 

These  results  are  then  in  good  agreement  with  those  of  Gupta 
et  al[26],  but  directly  contradict  those  of  MacCul lum[ 22, 23 ] .  We 
do  however  feel  that  in  view  of  the  inconsistencies  in  published 
data  to  date  by  this  author,  which  were  not  commented  upon;  and 
the  agreement  here  between  time-resolved  and  steadv-state 
measurements  in  the  present  experiments,  the  results  here  are 
correct,  and  establish  with  some  certainty  that  under  the 
conditions  of  our  experiments,  electronic  energy  transfer  does 
indeed  occur  in  poly(styrene). 
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Table  7  Degree  of  fluorescence  polarisation  in 
poly(styrene)  solutions[ 24 ] 


Method 

Sample 

Aexc./nm 

Aem/nm 

P 

Laser 

PS 

257.25 

335 

0.005 

+ 

0.050 

Steady-state 

PS 

265 

335 

0.005 

+ 

0.020 

Steady-state 

POS 

(0.058%) 

265 

335 

-0.006 

+ 

0.020 

POS 

(0.11%) 

265 

335 

0.026 

+ 

0.020 

POS 

(0.504%) 

265 

335 

0.027 

+ 

0.020 

■Steady-state 

POS 

(0.058%) 

265 

380 

0.040 

+ 

0.020 

POS 

(0.11%) 

265 

380 

0.047 

+ 

0.020 

POS 

(0.504%) 

265 

380 

0.048 

+ 

0.020 

Steady-state 

POS 

(0.058%) 

320 

380 

0.135 

+ 

0.020 

POS 

(0.11%) 

320 

380 

0.134 

+ 

0.020 

POS 

(0.504%) 

320 

380 

0.144 

+ 

0.020 
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COUNTS 


4. 


Model  compound  studies 


In  elegant  work,  DeSchryver  and  co-workers  have  explained 
the  observation  of  complex  kinetics  of  fluorescence  decay 
observed  in  vinyl  aromatic  polymer  in  terms  of  emission  from 
racemic  and  meso  stereo-isomers  of  2, 4-disubstituted  pentane 
model  compounds.  We  have  recently  beRun  a  programme  of  work  on 
simpler  models.  1,-3  di-aromatic  substituted  propanes.  We 
recognise  that  these  are  not  ideal  models  for  polymers  since  thev 
do  not  have  asymmetrically  substituted  carbon  atoms,  but,  since 
they  represent  the  simplest  possible  linked  systems  capable  of 
excimer  formation,  we  wished  to  study  them  in  the  same  detail  as 
the  polymers.  The  compounds  studied,  aa  dinaphthyl  propane  I, 
ag  -dinaphthyl  propane  II,  and  fig  dinaphthyl  propane  Til  were 
subjected  to  preliminary  investigation  in  dilute  solutions  in 
tetrahydrofuran  (THF)  and  methylene  chloride  (CI^Cl^).  Steady- 
state  spectra  are  shown  in  Figure  9 [ 2 1 ] . 


Figure  9  Steady-state  fluorescence  spectra  for  I,  II  and 
III  in  dichloromethane  solution 

Extensive  measurements  of  fluorescence  decays  shows  the 
following  features: 

« 

(1)  I  in  the  THF  obeys  Birk's  kinetics  (Scheme  1)  perfectly 
(see  Table  8)  for  excitaton  at  300nm. 

(2)  I  in  (TII-Cl-  displays  very  complex  kinetics  for 
excitation  at  237.25  or  300nm,  with  two-component  fits 
generally  incapable  of  reproducing  experimental  decay  curves 
(Table  8). 

(3)  If  in  THF  exhibits  a  single  extremely  long-lived  (r  > 
100ns)  component,  in  ClI^CJ  ^  at  300nm  excitation  this  is 
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reduced  to  s,  13.8ns.  For  257.25nm  excitation  in  CH  (!1  ^ 
kinetics  become  more  complex. 

(A)  III  in  TI1F  displays  complex  kinetics,  with  the  100ns 
decay  time  observed  in  II  prominent. 

(5)  III  in  CIl^C  1  ^  at  both  excitation  wavelengths  exhibited 
very  complex  kinetics  (not  shown  in  Table  8). 

It  is  clear  that  the  excimer  formation  and  decay  in  these 
simple  systems  is  very  complex,  and  much  further  work  will  he 
reauired  to  gain  a  thorough  understanding  of  the  process 
involved.  This  work  is  currently  in  pro^reca. 

We  have  also  reported  briefly  on  the  photophysics  of  polv-N 
(9-carbazolyl)  carbonyl-1,-1  ysi ne  (PK1),  a  conformaLional  1  v  'pure' 
Dolvmer[ 28]. 

Table  8  Decay  characteristics3  of  model  compounds  I,  II 
and  III  in  solution[21] 


Compound 

a 

(nm) 

c 

^em. 

(nm) 

Solvent 

A1 

( ns ) 

a2 

1  ■> 

(ns) 

A3 

(»s) 

x2d 

DW° 

1 

300 

345 

TIIF 

0.97 

15.8 

0.  10 

39.4 

- 

- 

1.26 

1.86 

I 

300 

450 

‘FI  IF 

-2.49 

16.0 

2.58 

38.0 

- 

- 

1.41 

2.1 

T 

300 

320 

oi2c,2 

1 . 38 

6.20 

0.17 

13.20 

- 

- 

1.22 

1.69 

I 

300 

450 

Cll2r,2 

-2.3 

6.69 

2.48 

25.24 

- 

- 

1.39 

1.67 

I 

.237.25 

320 

e.i2c,2 

0.25 

6.05 

0.033 

11.66 

- 

- 

1.12 

1.86 

I 

257.75 

450 

(:,,2C,2 

-0.23 

7.03 

0.30 

29.01 

- 

- 

1.34 

1.91 

r 

257125 

320 

cn2t:i 

0.75 

6.54 

0.013 

14.41 

0.07 

1.08 

1.04 

2.02 

II 

300 

345 

TIIF 

0.41 

100.75 

- 

- 

- 

- 

1.11 

l.<>5 

II 

300 

350 

0!I2C12 

1.50 

13.78 

- 

- 

- 

- 

1.10 

1.67 

1  1 

257.25 

350 

ai2c2 

0.20 

13.5 

0.05 

- 

- 

- 

1.09 

2.15 

III 

300 

345 

TIIF 

0.91 

5.6 

0.02 

100.9 

0.0  3 

37.63 

1.2 

1.96 

III 

300 

450 

TIIF 

-0.  78 

5.  1 

0.62 

100.3 

0.3 

36.2 

1.76 

2.05 

III 

257.2.3 

310 

(f,2a2 

0.38 

3.33 

0.009 

33.25 

- 

- 

1.17 

2.12 

III 

257.25 

450 

t:,,2C12 

-0.19 

2.49 

0.12 

60.78 

0. 09 

18.40 

1.31 

2.21 

^  Decay  curves  fitted  to  functions  of  the  form  1(1)  =£  A,  exp(-t/i.). 
Excitation  wavelength.  1  1 

Emission  wavelength  100-3 lOnni  corresponds  largely  to  monomer  region, 
tjo  excimer  region. 

and  Fitting  parameters,  cf.  Reference  1. 
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5.  Time-dependent  fluorescence  anisotrop 


measurements 


The  methods  used  to  measure  time-dependent  fluorescence 
anisotropy  in  pol  y(styrene)  discuused  above  are  outlined  helow, 
it  should  he  stressed  that  these  methods  are  not  trivial,  and 
great  thought  has  been  given  to  accurate  measuremcnts[29, "!(!]. 

The  methods  are  outlined  fully  in  Appendix  2,  and  will  not  lie 
repeated  here.  The  time-dependence  of  the  anisotropy  r(t)  is 
defined  below,  and  can  in  principle  be  used  to  monitor  molecular 

r(t)  =  (I(|  (t)  -  lj_(t))/I  „  (t)  +  2lj_(t)  (21  1 

=  r  r  a .  e  xi  (22) 

ofr 
t 

motion.  At  the  outset  of  this  work,  a  study  of  the  literature 
revealed  many  unsatisfactory  features.  There  appeared  to  be  no 
Boncral  agreement  upon  how  proper lv  to  carry  out  the  experiment, 
and  interpretation  was  difficult.  Much  of  the  work  described 
here  consists  of  n  critical  evaluation  of  methods  and 
applications  to  two  polymers  systems  in  solution,  polv(methvl 
methacrylate)  PMMA  covalently  labelled  with  pol y( I -vinvl 
naphthalene)  and  pol  y(acen;iphthy  lone)  respectively.  Anisotropy 
is  a  more  useful  parameter  than  deg ice  of  polarisation  in 
defining  order  and  motion  in  molecular  systems  in  that  for 
fluorophore  which  decays  exponentially  with  a  single  component. 

The  resulting  anisotiopy  constructed  Irom  independent 
measurements  of  the  fluorescence  parallel  I  ,|  ( t  )  and 
perpendicular  Ij_(t)  to  the  plane  of  polarisation  of  excitation 
radiation  is  independent  of  the  decay  time  of  the  fluorophore. 
For  systems  which  decay  with  dual  (or  more)  components  this  is 
not  necessarily  the  case,  although  it  would  he  if  the  mot  join  I ; 
properties  of  the  two  f  1  tiorophores  giving  rise  to  the  two  decay 
components  were  identical.  Since  there  is  no  a  priori  way  of 
ascertaining  this,  it  seems  prudent  to  employ  f  1  tiorophores  which 
are  indeed  single  component.  To  .assist  in  this  a  critical 
evaluation  of  the  decay  of  standard  substances  which  can  he  used 
to  test  single  or  dual  exponential ity  has  been  carried  out  [  11  |, 

Details  of  time-resolved  anisotropy  ran  .also  he  obtained  by 
deconvolution  of  individual  I|i(t)  or  I jJ,  l  )  measurement  s,  or 
difference  measurements  defined  below 


I„(t) 

=  e~t/Tf-  (1  +  2r  y. 

o  . 

1 

-t  / 

a.  e  T  i  ) 

(21) 

'x(') 

=  *  e't/ti  (1  -  r 

n  . 

1 

- 1/,  .  . 

;i .  c  1  i  7 

l 

(24) 

1  „(t)  - 

1,(1)  =  ir  o"l/tF  (r  l  a 
o  o 

— t/T . 

^  e  1  i  ) 

(2r’) 

In  these  cases  analysis  of  i  ||  ( t  )  j  ami  I  j_(  I  )  are  weighted,  a 
usual,  by  Poisson  statistics  (w.  =  I.  ).  Hts  of  I  „  -  I  ,  and 


?  ft  )  mist  proposal  e  these  Poisson  uoijjit  ill,,’,  into  t  hf*  j  ■  t  •  >  p  o  r 
lilting  I unc t ions.  Tims  lor 
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. i ml  I' or  r(t. },  w  =  ’llj,  +  +  r  +  "•!  *  -  r  t 

ihose  correct  fittings  .no  not  mi  i  voj  •  .  1 1  I  v  rv,\  I  <  •  vrm«l  in  i  hr* 
literature,  hut  are  essent  i  a  1  .  i  e<  Imi  spies  ate  do;  a  rihoil  in  a 
chapter  of  a  hook  pub  I  ished  recont  f  \  f  I  j. 

As  an  example  of  tin*  use  fit  those  methods  in  <*\M  n  t  i  up, 
mi  1 1 1  i  p  l  r*  component  s  ol  an  i  ■;nt  ropv  decay,  wo  have  <  •  1  r  1  i ' v  * !  -"it  1 
.  f  >r  ji  1  et.o  st  inly  on  t  ho  nnh'nih*  pervleno  in  t  ho  \  i  sc  mis  medium, 
r  1  yrei  o  l /wat  or  mi  xt  ui  es[  //',  i0| .  A  tvpieil  o\porint»nt  tl  result 
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•  I  *  m  iv  is  t  wo -component. ,  hep  i  mi  i  up,  with  a  lutis*  nerut  i vo  value, 
and  liocominp  positive  he! ore  rh*c  a  v  i  up  to  zero.  I  ho  1 11  i  t  11] 
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correlation  times  given  in  Tables  11  to  15  indicate  that 
segmental  motions  are  responsible  for  depolarising  the 
fluorescence.  Consequently  these  time  constants  (x  )  are  not, 
ini  act  true  rotational  correlation  times  since  !  L 


I  =  i 

tKoL  t 


+ 

soft  T  mac 


where  T  is  t hr*  segmental  rotational  correlation  time  and  T 
the  rotational  correlation  time  for  the  motion  of  the  entire 
nolvmer,  however,  as  the  polymers  used  were  of  high  molecular 
weights,  it  is  possible  to  ignore  the  contribution  from  the  t 

mac 

i  orm,  that  t  s 

T,,  ,  '  x  (29) 

Rot  seg 

Table  11  Summary  of  the  anisotropy  and  fluorescence  decav 
parameters  for  I’MMA/ACF  in  dichloromethane  at  the 
temperatures  considered 


2  95  +  2 

273  +  2 
21.0  +  2 
243  +  2 
2  id  +  2 


h 

13.5  +  0.  1 
13.7  +  0.1 
13.4  +  0.2 
13.3  +  0.2 
1  5.6  +  O.  1 


/nS 

0.13  +  0.01  1.3  +  0.1 

0.13  +  0.01  2.2  +  0.2 


0.13  +  0.01 


3.2  +0.5 


0.13  +  0.01  4.5  +  0.7 

0.11  +  0.02  5.6  +0.7 


Table  12  Summary  of  the  anisotropy  and  fluorescence  decav 
parameters  for  l'MMA/1-VN  in  dichloromethane  at  the 
Lemperat  tires  considered 


I 

V 

r 

o 

Rot 

f 

K 

/nS 

/  nS 

r,fl5 

+  2 

15.9 

+ 

0.2 

0.15 

+ 

0.01 

1.3  + 

0.2 

2  7  5 

+  2 

15.6 

+ 

0.2 

0.16 

+ 

0.01 

2.2  '  + 

0.5 

UA) 

+  2 

15.5 

+ 

0.  1 

0.14 

+ 

0.01 

2.7  + 

0.3 

.'45 

+  2 

15.4 

+ 

0.  1 

0.  1  5 

+ 

0.01 

3.6  + 

0.5 

2  ) 

+  2 

1  5.4 

+ 

0.  1 

0.16 

+ 

0.01 

4.9  + 

0.7 
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Table  13  Sumamry  of  the  anisotropy  and  fluorescence  decay 
parameters  for  PMA/ACF,  in  dichloromethane  at  the 
temperatures  considered 


1 

tF 

r 

0 

T  Rot 

A 

/ns 

/ns 

•->95 

+ 

2 

17.4 

+ 

0.2 

0. 10  + 

0.01 

0.8  + 

0.3 

260 

+ 

2 

17.4 

+ 

0.3 

0.10  + 

0.01 

1.3  + 

0.2 

245 

+ 

2 

17.4 

+ 

0.3 

0.11  + 

0.01 

1.8  + 

0.3 

230 

+ 

2 

17.5 

+ 

0.3 

0.12  + 

0.02 

2.5  + 

0.3 

Table  14  Summary  of  the  anisotropy  and  f luorescence  decay 
parameters  for  PMA/l-VN  in  dichloromethane  at  the 
temperatures  considered 


1 

T 

__F 

r 

o 

Rot 

/nS 

h 

295 

+ 

2 

15.1 

+ 

0.1 

0.13 

+ 

0.01 

0.5  + 

0.1 

275 

+ 

2 

14.9 

+ 

0.1 

0.13 

+ 

0.01 

0.8  + 

0.1 

260 

+ 

2 

14.8 

+ 

0. 1 

0.14 

+ 

0.01 

1.0  + 

0.2 

245 

+ 

2 

14.9 

+ 

0.1 

0. 14 

+ 

0.01 

1.3  + 

0.2 

230 

2 

14.9 

+ 

0.1 

0. 1 5 

+ 

0.01 

1.7  + 

0.3 

The  1-vinyl  naphthalene  chroniophore,  unlike  the 
acenaphthalone  chromopliore,  is  capable  of  motion  independent  of 
the  polymer  backbone.  It  is  rather  surprisitip.  that  the 
anisotropy  decay  for  the  1-vinyl  naphthalene  labelled  polymers 
takes  the  same  form  as  the  anisotropy  decay  of  the  acenaphthal ene 
labelled  polymers.  It  is  even  more  surprising  that  rotational 
correlation  time  a  I-vinyl  naphthalene  labelled  polymer,  at  a 
given  temperature  is  within  experimental  error  equal  to  the 
rotational  correlation  time  of  tho  corresponding  acenaphthylene 
labelled  polymer,  There  are  three  possible,  not  necessarily 
exclusive,  explanations:  , 

a)  The  independent  motions  of  the  chromopliore  are  too  fast 
to  detect.  The  effect  of  such  motions  is  to  lend  to 
evaluations  for  the  initial  anisotropies  which  are  too  low. 
However  as  the  initial  anisotropies  obtained  for  he  polymers 
used  in  this  study  are  in  excellent  agreiment  with  values 


Table  15  Summary  of  the  activation  energies  for  the 
segmental  rotations  and  conformational  changes  labelled 
poly(methyl  methacrylate)  and  poly(methyl  acrylate)  in 
dichlorome thane 


Polymer 


Activation  energy 
for  segmental 

motion  (E  ) 
seg 

KJ  mol-1 


Activation  energy 
for  conformational 
changes  (E^ 

KJ  mol  ^ 


ACE/PMMA 

13 

1-VN/PNMA 

12 

' PMMA ' 

12 

ACE/PMA 

9 

1-VN/PMA 

10 

'  PNA  ’ 

11 

5  +  4 
4  +  2 
4  +  3 

1  +  4 

2  +  2 
3  +  3 


quoted  for  similar  polymers  in  rigid  glasses  at  77K  this  is 
not  thought  to  be  the  correct  explanation. 

b)  The  rotational  correlation  times  for  the  segmental 
motions  and  the  independent  motions  or  the  1-vinvl 
naphthalene  chromophores  are  sufficiently  similar,  over  the 
temperature  range  considered,  to  be  irresolvable. 

c)  The  1 -vinyl  naphthalene  chromophores  are  prevented  from 
performing  any  rotational  motions  independent  of  the  polymer 
backbones  due  to  steric  hindrances,  it  is  felt  that  the 
steric  hindrances  reuuired  to  completely  eliminate  all 
independent  motions  are  not  present  in  the  polymers 

cons i dorod . 

dl  The  fluorescence  polarisation  properties  of  the  1-vinyl 
naphthalene  chromopbore  are  explained  in  terms  of  two 
emitting  transition  dipoles.  These  transition  dipoles  are 
aligned  parallel  and  perpendicular  to  the  bond  about  which 
the  rhromophore  undergoes  independent  motion  of  the  polymer 
hack  hone. 

Rotation  about  this  bond  can  not  lead  to  these  two 
transition  dipoles  interchanging  their  directions  relative  to  the 
polymer  backbone,  for  example,  the  chromophore  cannot  rotate  into 
a  position  where  the  long  axis  polarised  transition  moment  is 
perpendicular  to  the  polymer  backbone.  Consequently  for  the  1- 
vinyl  naphthalene  labelled  polymers,  ns  with  the  acenaphthylene 
labelled  polymers,  it  is  only  segmental  motions  which  lead  to 
depolarisation.  This  explanation  does  not  take  into  account  any 
'rocking'  motions  of  the  1-vinyl  naphthalene  molecule  which  would 
lead  to  fluorescence  depolarisation.  It  is  thus  thought  that  the 
latter  is  the  corrert  explanation  with,  perhaps,  steric  effects 
preventing  the  rocking  motions. 
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Table  16  Comparison  of  values  for  the  conformational 
activation  energy  for  segmental  motion  and  the  rotational 
correlation  time  at  298K  for  poly(methyl  methacrylate) 
auoted  by  various  sources 


1-VN  chromophores 


Table  17  Comparison  of  values  for  the  conformational 
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For  each  polymer  sample  the  activation  energy  for 
segmental  motion  was  evaluated  from  a  linear  regression  of  In 
t  on  1/T.  Results  are  summarised  in  Tables  16  and  17,  and 
compared  with  literature  values. 


The  activation  energy  for  segmental  rotation  (K 
dependent  upon: 


seg 


) 


is 


a)  The  activation  energy  for  the  conformational  changes 
required  for  segmental  motion  (H  ). 

b)  The  activation  energy  for  viscous  flow  of  the  solvent  (I/.). 


The  relative  contributions  of  the  above  to  the  segmental 
(total)  activatoin  energy  has  been  treated  theoretically,  the 
basis  of  which  was  Kramer's  theory  for  the  diffusion  of  a 
particle  over  a  potential  barrier,  by  llelfand.  The  rate  constant 
(R)  for  segmental  motion,  or  the  rate  at  which  substituent  groups 
on  a  polymer  backbone  diffuse  over  a  potential  barrier,  was  found 
to  be  given  by: 

k  =  [y  /  1  2tt2o^  |  [  1/2  +  (1/4  +  twACnai)2)172]'1 

0Xr'(-  'con/R^  (JU) 

where  Y  is  the  force  constant  for  the  potential  harrier,  m  the 
mass  of  the  particle,  a  the  hydrodynamic  radius  of  the  particle 
and  is  the  viscosity  of  the  solvent.  In  t ho  limit  of  high 
viscous  damping,  that  is  when 


in  y 

1/A >;>  ('ll) 

<  ) 

Equation  (30)  simplifies  to 

k  =  Y/(12tt2a^)  oxp(-F,st?jj/RT)  (32) 

If  an  Arrhenius  dependence  of  j  upon  temperature  is  assumed  then 
equation  (32)  takes  the  torm  ' 


k  =  c  exp[-(F.  +  K.)/RT] 
con  y 


(33) 


where  C  is  a  constant.  Thus  the  total  activation  energy  for 
rotational  motion  is  simply  (in  the  limit  of  high  viscous 
damping)  the  sum  of  the  activation  energies  for  segmental  motion 
and  viscous  flow: 


F,  =  F,  + 
seg  con 


(34) 


It  should  he  noted  that  there  are  two  cases  where  tiie  above 
treatment  can  not  lie  used  to  remove  the  effect  of  Lite  solvent: 


a)  If  tiie  solvating  power  of  the  solvent  changes 
significantly  with  temperature.  Non-linear  Arrhenius  plots 
of  tiie  segmental  rotational  correlation  times  of  high 


molecular  weight  poly(styrene)  in  cyclohexane,  for  example, 
is  attributed  to  the  increasing  solvent  power  of  cyclohexane 
with  increasing  temperature.  If  the  solvent  power  of  a 
solvent  does  change  with  temperature  then  as  the  temperature 
is  reduced  polymer-solvent  interactions  decrease  resulting 
in  the  polymer  chain  adopting  a  more  tightly-coiled 
conformation.  This  leads  to  an  increase  in  the  intra-chain 
steric  interactions  which  oppose  segmental  motion  ami  hence 
the  segmental  rotational  correlation  times  are  greater  than 
expected. 

h)  If  activation  energies  for  conformational  changes  of  a 
polymer  in  different  solvents  are  compared  they  may  not 
necessarily  be  the  same.  In  different  solvents  polymers 
adopt  different  conformations  depending  on  the  relative 
magnitudes  of  the  polymer-polymer  and  polymer-solvent 
interactions.  In  thermodynamically  'poor'  solvents  a 
polymer  will  adopt  a  tightly  coiled  configuration  (due  to 
the  dominance  of  the  polymer-polymer  interactions),  whereas 
in  'good'  solvents  they  fully  extended.  Consequent! y  intra¬ 
molecular  steric  interactions  are  greater  in  'poor'  solvents 
and  so  higher  activation  energies  for  conformational 
changes,  as  compared  to  those  in  'good'  solvents,  are 
observed. 

A  linear  regression  of  ln(l/^)  on  (1/T),  gave  a  value  of 
8.2  KJ  mol  for  the  activation  energy  for  viscous  flow  of 
dichloromethane.  This  value  enabled,  by  application  of  equation 
(34),  the  activation  energies  for  conf ormational  chances 
required  for  segmental  motion  to  be  evaluated  (see  Table  17)  from 
the  activation  energies  for  segmental  motion.  It  is  clear  from 
Table  17  that  for  both  poly(methy]  methacrylate)  and  poly(methyl 
acrylate)  segmental  motion  is,  to  a  high  degree,  solvent 
controlled;  the  activation  energy  for  viscous  flow  represents 
approximately  70%  of  the  segmental  (total)  activation  energies. 
Consequently  the  activation  energies  for  the  conformational 
changes  (approximately  30%  of  the  total  activation  energy)  are  of 
the  same  magnitude  as  the  associated  errors.  As  no  error  was 
assumed  to  be  associated  with  the  value  for  the  activation  energy 
for  viscous  flow  the  errors,  for  a  given  sample,  on  the  segmental 
and  conformational  activation  energies  are  identical. 

Table  16  compares  the  values  obtained  in  this  study  for  the 
rotational  correlation  times  at  298K  and  the  activation  energy 
for  conformational  changes  required  for  segmental  motion  of 
poly(methyl  methacrylate)  and  poly(methylacrylate)  respectively 
with  values  quoted  by  other  groupsf 34-36  ] .  (In  all  cases  the 
polymers  used  were  of  sufficiently  high  molecular  weights  so  that 
the  'observed'  segmental  motions  were  independent  of  molecular 
weight).  Dilute  solutions  of  the  polymers  were  used  in  order  to 
minimise  inter-chain  interactions.  It  should  he  realised  that: 

a)  The  segmental  rotational  correlation  times  of  a  given 
polymer  in  the  two  solvents  may  not  be  directly  compared. 
However  rotational  correlation  times  of  a  polymer  in  toluene 
obtained  by  the  different  techniques  (e.s.r.,  dielectric 


relaxation  and  fluorescence  depolarisation)  it  is  possible 
to  discern  whether  the  different  techniques  are  'sensing' 
the  same  segmental  motions. 

b)  Dichloromethane  and  toluene  are  thermodynamically  'good' 
solvents  for  poly(methyl  methacrylate)  and 
noly(methylacrylate).  Consequently,  in  these  solvents 
poly(methyl  methacrylate)  and  pol y(methylacrylate )  adopt 
fully  extended  conformations.  The  conformational  changes 
required  for  segmental  motions  and  hence  the  activation 
energy  for  conformational  changes  should  be  approximately 
the  same. 

It  is  felt  that  the  two  techniques  are  sensing  different 
motions  and  that  the  agreement  on  the  value  for  the  rotational 
correlation  time  at  298K  (in  toluene)  is  coincidental.  To  a 
certain  extent  the  results  from  the  experiments  on 
poly(methylncryTate)  substantiate  this  explanation.  It  is  rather 
surprising  that  these  two  techniques  give  such  differing  results 
as,  in  this  particular  instance,  they  are  extremely  similar.  In 
the  dielectric  relaxation  experiments  the  motion  of  electronic 
dipoles  residing  on  the  ester  carbonyl  groups  are  monitored; 
these  dipoles  have  components  parallel  and  perpendicular  to  the 
polymer  backbone.  This  situation  can  be  seen  to  be  directly 
analogous  to  the  fluorescence  anisotropy  experiments  carried  out 
in  this  study. 


Poly(methyl  methacrylate) 

The  values  for  the  rotational  correlation  times  at  298K  for 
this  polymer  in  toluene  from  fluorescence  anisotropy  (both  steady 
state  and  tiifie-resolved)  and  dielectric  relaxation  measurements 
are  in  excellent  agreement.  It  can  thus  be  concluded  that: 

a)  The  two’  techniques,  in  this  particular  example,  are 
'sensing'  the  same  motion  in  the  fluorescence  anisotropy 
experiments. 

b)  The  segmental  flexibility  ol  poly(metliyl  methacrylate) 
was  not  influenced  by  the  presence  of  anthracene, 
acenaphthylene  or  1-vinyl  naphthalene  probes.  The  dielectric 
relaxation  experiments  did  not  require  the  polymer  to  be 
labelled).  The  rotational  correlation  time  obtained  by 
e.s.r.  spectroscopy  is  an  order  of  magnitude  less  than  the 
dielectric  relaxation/ 

fluorescence  relaxation  value.  This  disagreement  is 
attributed  to  a  rapid  rotation  of  the  spin  label  (a 
pineridinyl  ring)  abqut  either  the  bond  between  the  ester 
carbon  and  the  oxygen  atom  (to  which  the  label  is  attached) 
or  between  the  oxygen  atom  and  the  spin  label  in  addition  to 
the  segmental  motion.  The  activation  energy  for  the 
conformational  changes  evaluated  by  this  technique  (in  this 
particular  example)  must  be  considered  to  be  in  error. 

It  is  unexpected  after  the  agreement  on  the  value  for  the 
rotational  correlation  times  at  298K  in  toluene  that  the 


dielectric  relaxation  and  fluorescence  anisotropy  techniques  give 
sucli  different  values  for  the  activation  energy  for  the 
conformational  changes  required  for  segmental  motion.  There  are 
three  possible  explanations: 

a)  The  two  techniques  are  monitoring  different  segmental 
motions. 

b)  The  presence  of  the  fluorescent  probes  modify  the 
segmental  motion.  (It  should  he  remembered  that  the 
acenaphylene  probe  is  capable  of  motion  independent  of  the 
polymer  backbone  whereas  although  the  1-vinyl  naphthalene 
probe  is  capable  of  independent  motions  these  motions  do  not 
lead  to  depolarisation  of  the  fluorescence).  The  effect  of 

t  lie  nrobes  would  tend  to  increase  the  activation  energy 
required  for  the  conformational  changes  due  to  the  extra 
energy  required  to  overcome  the  effect  of  solvent  drag  on 
the  fl  uorophores.  liven  if  the  polymer  adopted  a  different 
conformation  in  the  vicinity  of  the  probes  to  accomodate 
their  presence  it  is  not  conceivable  that  this  would  lead  to 
such  a  large  decrease  in  the  value  for  the  activation 
energy. 

c)  The  Cluorimeter  and  analysis  procedures  used  could  not 
accurately  resolve  the  rotational  correlation  times.  This 
interesting  but  clearly  controversial  and  unresolved  feature 
of  the  work  is  currently  being  studied  further. 
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Pol y( diace t  yl  cries ) 


Although  not  specified  in  the  original  proposal,  these 
one-dimension.il  polymers  are  of  such  current  interest,  the  work 
below  was  undertaken  in  collaboration  with  Professor  D.  Bloor, 
Queen  Mary  College,  London. 

The  aim  of  this  part  of  the  pro  ject  was  to  establish  the 
nature,  dynamics  and  decay  of  excitons  in  poly(diacetylenes). 
Little  work  (both  experimentally  and  theroret ical ly)  had  appeared 
concerning  the  behaviour  of  excitons  in  conjugated  polymers. 

This  knowledge  is  an  important  factor  in  a  proper  understanding 
of  the  interaction  of  free  carriers  and  excitons,  which  have 
been  shown  in  other  materials  to  form  bound  states. 

The  project  this  necessitated  experimentation  to  elucidate 
the  conformation  of  PDA  chains  using  light  scattering,  nmr 
spectroscopy,  Raman  spectroscopy;  and  then  separate  measurements 
of  fluorescence  decay  measurements.  The  PDA  backbone  VI  has  in 
the  ground  state  a  conjugated  it-bond  structure,  the  absorption  of 
which  is  excitonic  in  character. 


4 RC  -  C  =  C  -  CR'4  VI 

n 


9PA 

R  =  R’ 

=  '  (<'»2>9 
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=  2  methyl 
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4BCMU 

R  =  H  ’ 

-  -  <(ll2>4 

-  (ICO  Nil  OCOC.IR 

4  0 

Macroscopic  single  crystals  o(  TDA  fluoresce  only  weakly,  hut 
deformed  systems  have  been  shown  to  fluoresce.  Thus  TDA 
solutions  and  films  have  fluroescence  yields  in  the  range  0.001  - 
0.003,  and  absorption  spectra  in  the  range  1.6  to  2.3  cV, 
depending  upon  the  degree  of  disorder.  Absorption  and 
fluorescence  spectra,  from  this  work  are  discussed  below  in  terms 
of  the  chromism  observed.  The  two  systems  studied  were  9PA,  and 
4BCMU  with  R  groups  defined  as  above. 


Lx  per imental  observat ions 


Low  temperature  PDA  glasses 

Rapidly  freezing  yellow  9PA/2MTI1F  or  4BCMU/2MTIIF  (38,39,40] 
solutions  (Y-phase)  results  in  a  clear  glass  with  a  pink  colour 
at  77K  (R„-phase)  -  (refer  to  Scheme  4  below).  Cycling  the  glass 
to  R.T  and  requenching  produces  different  low-temperature 
spectra  depending  on  the  dwell-time  at  R.T.  If  the  dwelT-time  in 
short  the  solution  remains  pink  (R-phase)  and  on  quenching  yields 
ths  spectra  in  the  R^-phase.  If  the  dwell-time  is  long  or  if  the 
solution  is  warmed  to  the  Y-phase,  then  on  quenching  to  77K,  we 
obtain  once  again  the  Ry-phase  spectra.  Spectra  are  shown  in 
Figure  11. 


!*3 


ScluMv.e  4  Temperature  dependence  lor  9i’A  and  4 MTU’  in  -Ml  Hi 

/l -  / 


V  i'--  T  V.: 

0:  rool  F:  fr eexe  W:  warm  SOT:  short  dwell-timr  I, DC: 
long  dwell  time  R.Ts  t  oom  temperature  increasing  quantum 
vieid  (  j). 

9PA  glasses 

The  77K  spectra  are  consistent  with  an  acetylenic  polymer 
backbone  structure.  At  least  distinct  species  ran  he  identified 
by  studying  these  spectra  with  emission  and  absorption  hand 
origins  at  approximate! v 

a)  319  and  514nm 
h)  393  and  313nm 
r)  610  and  360nin 

respertivel v.  The  total  fluorescence  spectra  of  9PA  are  more 
intense  at  77K  than  at  R.T.;  the  increase  being  approximately  IU0 
fold.  On  quenching  the  R-phnse  the  population  of  the  third 
species  (r.)  is  drastically  enhanced  whilst  the  population  of  fit) 
is  drastically  reduced.  It  appears  that  species  (c)  are 
apparently  created  at  the  expense  of  the  other  two  species.  To 
explain  the  spectra  of  these  conformations  a  small  local 
deformation  in  the  form  of  twisting  about  the  (-('  in  the 
excited  state  is  proposed,  l.ocked-in  conformations  give  rise 
to  small  Stokes  shifted  (long-lived)  species  (a).  Those 
conformations  involving  large  Stokes  shilts  (short-lived) 
species  arises  as  a  consequence  of  twisting  of  the  ('=(1  in  the 
excited  state.  Time-resolved  measurments  will  he  discussed 
later . 

4RCMII  glasses 

Whereas  the  9PA  R^  spectra  are  structured  with  well 
developed  vibronic  sidebands  with  ^drifts  from  t  lie  gero-photon  (/- 
P)  peak  of  about  1500  and  2100  cm  characteristic  </f  the  C-C  and 
C+C  stretching  modes  of  the  acetylenic  polymer  backbone 
structure,  the  4BCMII  spectra  are  loss  structured.  This  makes  it 
difficult  to  indentify  zero-phonon  hands.  An  analysis  of  the 
I..T.  spectra  indicates  the  presence  of  at  least  two  species  with 
emission  and  absorption  bands  occnring  at  513  and  510nm,  and  530 
and  510nm  respectively.  The  former  species  exhibit  narrow 
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liipire  •'»  nl  Appendix  III  ‘how;  ike  <M;ii  si;inn  spectra  of  t  lio  I’.  and 
I',,  I'll.  isos  tot  I  wn  d 1  t  I  e  r  <  •  li  t  f  »»pc«‘iit  I  .it.  ions.  Une  can  i  n«:ir»f !  j  I  e  1  v 
notice  t  fie  presence  nl  i  ‘:|i.ir  p  p^ak  around  'rim  for  41’* 'Ml’  and 
'  i  i  *  M  i  ji .  jOf  ‘h’A  mil  preseme  ni  vi  hi  at  join  I  loot  mo:,  tor  "l’\ 
spectra  in  both  i  lo  .  *  n.  I  ^  j'l.  uses  in  tin*  l«»w  oner my  regions, 

Bv  lout  ri:M  t  lie  Ml’  •■•pec  It  i  are  more  hi  no- ; :  J  i  i  ft  ed ;  t  lie  eoj<-xion 
arisinn  Iron  tie-  shroud  species  beinu  very  weak  indeed,  This 
.'main  1  n.ycoe.t  s  licit  t  ho  dwitee  <*!  otder  est  ublished  in  4  lit 'Ml'  i  ; 
higher  t  It  in  tint  in  *T\A  since  we  expert  a  der  re.tse  in 
1  1  nor  es<  etu  e  'plant  uni  \iold  with  oi  dei  ;  i.e,  the  prec ursnr 
responsible  lor  the  *>1  ~/~>  lnn:r.  emission  Ins  a  liii'Jier  quantum  \ield 
than  that  responsible  tot  the  redder  eniss  inn(s),  At  this  simp* 
it.  i  s  difficult  to  identity  t  lie  inline  ot  the  A !  ,/  A1  ‘Inn  emit  tine, 
species  which  seens  to  show  verv  little  enetp.v  transfer  to  l  lie 
longer  segment  s  and  exh  i  h  i  t  i  n<;  narrow  vibronif  emission  at  77  K  in 
4I'('Mr  and  at  4K  in  CM’A.  I  her  e  are  several  pns-  -i  h  i  1  i  t  i  os  I  or  this 
precursor.  These  include  chain  ends,  non-planar  c  mil  oi  mat  ions- , 
for  example,  ris-helix  or  a  hurt:  fed  { {.uri-mnl  <>rn  il  i  nt)  Joe  fed-in 
hv  sidep,ronp  interactions,  and  interchain  font  arts,  hurt  her 
experiments  are  in  hand  to  try  to  distinguish  hot  ween  t hose 
[toss i  hi  1 1  i 05*. 

I  lie  nature  of  the  chromium  in  PDA's 

Soluble?  PDA's  with  urethane  containin'-’  s  i  dec,!  mips,  are  known 
to  display  a  visual  hat  Im-chrnmi  c  shill,  when  conditions  are 
altered  to  favour  the  format  ion  of  hvdroj'on  bonds  between  the 
sido>»roups  (parallel  to  the  ria  i  n  chain).  Ibis  effect  was 
attributed  to  a  conformational  change  o|  the  backbone  in  term;  ot 
the  extent  of  delocalisation  of  the  -  l»oiid[  4of  4  I  ) .  A  concept  of 
effective  con  juj’at  ed  lonpth  was  invokes!  I»y  ('liaise  and  coworkers 
and  ot  hers)  4^-AT  |  to  explain  tliis  elfect.  1  he  hi  ue- sh  i  1 1  ed 
species  is  thought*  t  o  he  a  distribution  of  short  eon  jue.al  ed 
segments,  (’hroniisni  is  achieved  hv  either  coolinp.  or  addim;  a 

poor  or  non-solvent  to  a  solution  in  pood  sol  vent  or  inn  easing 

the  concentration  of  I  lie  polymer.  fu  the  cm  o  of  water-soluble? 

PDA' s,  pll  changes  favour  1  ho  format  inn  ol  (Moll  terminal  uroups 

and  the  establishment,  of  hydrogen  bonds)  4(>|,  ’I  he  lnim.it  inn  ol 
hydrogen  bonds  was  ident  ified  by  others  as  the  essent  ial  driving 
force  behind  such  a  transition  from  a  random  coil  to  an  extended, 
rij»id-rod  conformation  which  was  proposed  to  account  for  the 
change  in  the  absorption  spectrum.  However  our  invest  ipat  ions  on 
the  soluble  PDA  discussed  above,  9I’A  (cent  a  i  u  i  nj;  lonj;  paiafinic: 
socpiences  in  their  sidej’roups)  show  that,  this  material  also 
exhibits  chromicmi,  Cnlike  t  tie  urethane  containing  sideproups  f  lie 
sideproups  of  9PA  do  not  interact  stronply  through  hydrogen  bond 
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(  \  .  ,  fs>  <  oriparer!  to  the  zero- phonon  bands  (/.R.M.’s)  are 
different.  We  ran  sav  that  the  411C11I  is  more  ordered  than  the 
*‘TA  .  i  n<  e  we  know,  from  resonance  Hnman  studies,  that  tlie  more 

•  »t  de i  »‘d  polymer  b.irkf'one  have  weakly  associated  V.S.'s.  Recent 

studies  on  1TV‘:'  ppA  clearly  sliow  that  red  polymer  solutions  have 
different  absorption  profiles  (vi/.  the  ratio  of  the  heights  ol 
the  to  the*  V.S.’s)  as  a  result  of  the  extent  of 

homogeneity  imposed  onto  the  backbone.  Nevertheless,  all  those 
spectra  show  an  absorption  peak  or  shoulder  at.  r>4l)nm.  However, 
o*im  would  expert  a  decrease  of  the  f  luorescence  yield  with  an 
increase  in  t he  exr i t on-phonon  interaction  and  fluorescence  yield 
or  the  extent  i  f  the  localisation  of  t  lie  exc  i  ton  wavef  unct  ion. 
Pespitr  this  compel  i  np.  process,  the  iluoresenre  cjuantun  yield 

re. inured  lor  the  Y  &  R  phase's  are  low,  ca.  0.1-0.AZ  and  less  than 
in  for  tlie  H-phase.  The  non-rad  i  at  i  ve  relaxation  process  in 
f'I’A  i  ha  ins  *’  s  therefore  extremely  eflicient .  The  nature  of  this 
non- radial  i  ve  decay  channel  is  still  knot,  known.  One  possibility 
i  :•  the  occur  once  of  rapid  inter  system  crossing  front  l  lie  singlet 
exriton  to  1  hr  lowest  triplet  exciton.  Results  for  other  linear 
conjugated  na<  i  nmol  ecu  les  suggest  that  this  rapid  intrrsystem 
crossing  ran  only  or  cur  by  s  i  up,  let-singlet  fission  with  the* 
resulting  triplets  likely  to  decay  rapidly  by  phonon  emission 
since  t  be  backbone  phonons#  r  align  up  to  O.J”)  eV  in  energy. 
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Figure  12  Correlation  relating  degree  of  order,  . 
absorption  and  emission  profiles  and  exciton-phonon 
interactions  in  FDA's. 
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Exciton  Type  Extent  of  delocalisation  of  Structure  Absorption  Profiles 

the  exciton  wave  function 


Lifetime  measurements  in  PDA's 


We  have  used  laser  excitation  to  study  fluorescence  decay  of 

Lite  PDA  10H  in  pure  crystalline  form[52,53].  Results  are  shown 

in  Figures  13,14,15  and  for  room  temperature  and  77K 

respectively.  From  a  modified  version  of  a  theoretical  treatment 

of  one-dimensional  diffusion] 54, 55] ,  the  expected  form  of  the 

,  .  -  a,  where  a  =  0.45.  Results  here  are  best  fitted  by 

decay  is  exp  t 

a  =  0.425,  satisfactorily  close  to  the  theoretical  value. 

In  glasses,  the  decay  parameters  have  been  shown  to  be  much 
more  complex,  and  this  aspect  of  the  requires  further  effort  and 
support. 

( i v )  4,4 ’-diphcnylene  di  phenyl  piienyl  vinylene]  56  ] 

In  collaboration  with  Dr  .1.  Feast,  University  of  Durham,  and 
Dr  Richard  Friend,  University  of  Cambridge,  we  have  contributed 
briefly  to  the  investigation  of  fluorescence  in  another  conducint 
polymer  poly(4,4'-diphenylene  di  phenyl  vinylene)  ( V]  1 )  PDI’V. 


PDPV  is  a  soluble  conjugated  polymer  that  shows  a  degree  of 
conjugation  similar  to  that  in  pol y(paraphenylene) .  The  optical 
properties  of  thin  films  exposed  to  AsF,.  show  the  appearance  of 
features  below  the  it -u*  gap  at  3eV  that  can  be  interpreted  in  a 
model  of  dopant-induced  polaron  and  bipolaron  defects.  When 
excited  above  the  n-n*  gap,  PDI’V  shows  a  strong  luminescence 
peaked  at  2.4eV.  The  Stokes'  shift  of  leV  can  be  accounted  for 
by  radiative  decay  from  photogenerated  polarou-exciton  defect. 

However,  this  explanation  of  the  observed  effects  mny  not  be 
unique,  and  further  work  is  being  carried  out  to  elucidate  the 
cause  of  the  very  large  Stokes  shift  in  fl uorescence.  The 
quantum  yield  of  fluorescence  has  been  shown  to  be  of  the  order 
of  0.01,  with  a  decay  time  of  around  lOOps.  This  work  will  continue. 
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This  treatment  n^jlorls  d  i  st  or  L  i  ons  iul  roduced  by  the  detection 
system,  cons  i  dored  bo  low. 

Suppose  tint  I!(t)  is  the  6 -pulse  response  of  the  detection 
system,  and  P(  t )  the  measured  time  profile  of  the  pm  p  pulse',  i 
the  instrument  response  { line  I  ion.  l'(t)  is  a  convolution  of  H(  t 
ii(t). 

I’(t)  »  l'(t  )0i!(t  ).  CO 

V.Titiiii*  the*  Laplace  transform  of  a  turn  I  ion  X(  I  .)  •••■  with 


MS>  !  {'■;  {  I  )  }  ••  l  .* 
( ) 


X(t  Hi  , 


it  f  o  1  1  t  111  I 


p  (:•••;  -  e  (  s  )  .  h  (  s  ) . 


value  ;;|jou  1  '1  be  rio:;f  1;  v.  *  ]  u*  ;  of  A'  irHjr  li  Jos1:  than  ]  are 
syivplonat  i  c;  of  poor  st.it  istirs  v.iioi  eas  values  much  in  excess  of  1 
indicate  a  pour  fit.  [I  all  distorted  data  are  to  ho  rejected  wo* 
would  accept:  results  tor  which  X't>  i«;  less  titan  1.2,  whereas  it  some 
level  of  distortion  must  he  tolerated,  fits  with  values  of  X  less 
than  1.4  may  he  acceptable  it  they  are  justified  by  sonic  other 
criteria.  Since  acceptable  values  of  X  are  sometimes  obtained  for 
poor  fits,  it  is  usual  t o  inspect  a  plot  of  the  weighted  residuals  Cor 
nonrandom  fluctuation*;.  The  weighted  residual  in  channel  i  is  given 
by 

r.  =-/w.(V(r.)  -  1(1  .))  (10) 

It  i  5'.  generally  I  ess  difficult  to  delect  small  devj.it  ions  of  the 
titled  from  t he  observed  curve  in  a  pint  of  r. vs.  channel  number 

1  i 

rather  than  in  t  h'*  mure  t  rad  i  t  Huai  visual  inspection  of  t  ho  two 
curves  Y(t.  )  and  I  (  t  .  ) .  An  even  r.«»re  sensitive  plot  is  that  of  the 
out  or  or  t  e  1  ,ti  i  <»n  f  unci  inn  of  the  weighted  residuals.  The  correlation 
of  the  re’i-Iual  in  channel  i  with  the  residual  in  channel  i  -f  j  is 
ruif:se!  ever  a  rr.'ah'u  of  channels,  r#  .and  unrin/j  1  i  7.ed ,  i.e.. 


In  this.  e;  pj[  '.jun  n  ,  n.,  i  i,  the  total  inmbei  of  (.tunnels  in 

the  '.’'lion  n|  the  ill-  ,iy  i  i '  *  •  d  in  t  i.e  lit.  An  upper  limit,  usually 
n  i .  •  put  on  j  s.o  ti.it  the  mi  her  of  term*;,  n  -  n  ^  -  j,  summed  in 

t  lib  nuisu..  ■  1  e?  is  snflii  Hut  to  give  proper  aver  agi  ug.  According  to 
I  pia*  in;:  HIM  -  J.  In  a  sin  r  “.ss  f  n  1  fit  C  .  for  j  -  ft  is  randomly 
ra  at  t  r*r»»d  about  a-pi  although,  Ii-t  ease  of  the  f  i  n  i  t  n  value  of  in,  some 
high  f  r  o|)ioii<  v  low  ar  pi  it  tide  Mm  tint  ion;  are  generally  observed, 
f  he. •  are  (  N*a  rlv  d  i  sf  i  u;mi  i ;  liable  from  the  type  of  correlation 
i  m!  i  c  at  i  ve  . .  f  an  in-  oi  i"(  I  fit  t  in.;  i  umt  inn  nr  o  f  d  i  st  or  t  od  dal  a . 

hr!  ej  *.j:t  s  ha  *  ,|  on  iii.j-crt  H-n  «»i  tin*  a  I  mi  *  Mien  t  i  <uied  plots  are 

■  uh  t  i-M  In*  i  n«".'  i  i  nbl  e  hi  r  a  *.o.  i  it  .»d  i  t  h  sub  pa  t  i  vo  t  es| 

{  "U  '  ,!!■•:. I  I"  ••*  •  »  l  f  1 1  f  1 1  » •  the  Pur  hip:  J>  !  1  I  •  r  *  1  e  f  whi'li  i  ■ : ,  in 

•  i  ■  ;  <  a  •  "S  ,  :  ■  a  e  >*n.'  i  t  i  \  a  t  h  *11  1  _  to  sr»  *  1  I  noni  an  don  os(  i  I  I  at  ions 

in  :  i  ■  r  ■  i  -  a-.  1 1  . .  i  v.  is  r  ■  1 1  u  1  a*  “d  a>  <  <  u  d  i  n  •  t  i >  the  epiat  i  on 


i..  t  I 


(  1  2 ) 


Accept . 1 1>  1  e  values  for  Invo  been  tabulated  tor  up  to  100  data 
points  and  five  lift  in,;s  parameters.  Extrapolation  of  tables  to  more 
data  points  is  quite  r.t  ra  i  ghl  f  orw.il  d .  On  the  basis  of  our  experience 
wo  conclude  that  single  exponent  in  1  fits  yielding  values  of  UK  greater 
than  l.fra  are  generally  successful.  The  corresponding  values  for 
double  and  triple  exponential  fits  are  1.71  and  1.8,  respectively.  In 
addition  we  calculate  a  skewness  factor,  SK,  given  by 


SK 


n  , 


(r. 

l 


r)Zl3 


(13) 


aiul  a  kurLosis  frit  tor,  K ,  ■,  ivrn  l»y 


"2 

"  t  i: 

i  -  n 

n.,  •, 

1  >:  >1  ,  -  r ) "  r 

i  «  il  J 

III  these  equations  r  is  tin'  hoin  of  tin-  weighted  residuals.  Tor 
normally  d  1st  li  luit  ed^r.ps  i  davil  s  has  a  mean  of  xoro  and  a  standard 
deviation  oi  (0/u.)  ~.  A 1 1  hough  wv  caliulate  these  parameters 

routinely  they  are  difficult  to  iiiloipiel  and  therefore  we  find  Liieni 
less  useful  than  the  Durbi  n  Vat. son  parameter. 

A  very  useful  test,  particularly  when  llieie  is  doubt  about  the 
suitivlii.Ji.ly  of  a  chosen  fitting  I  unci  inn  is  variation  of  the  fitting 
rang!'.  Variation  in  tic  recovered  parameters  when  channels 
representing  earlier  tit.es  ;,ie  included  in  the  lit  is  indicative  of  an 
incorrect  fitting  function,  Usual  ly,  but  not  always.,  i  nst  i  iir.ent  a  I 
distortions  affecting  the  early  times  data  points,  lead  to  non -normal  I  y 
distributed  residuals  but  the  same  valuer;  lot  the  recovered  parameters 
irrespective  of  the  fit  tin,,  ran  'e. 

These  tests  are  applied  rigorously  to  all  or  the  data  obtained  in 
our  laborntor  i os  and,  wo  hel  ievp,  do  percaii  some  discr  imiii-al  ion  beLwccui 
alternative  trial  (onus  of  c(t).  (see  below). 


bxpoctod  f  o r  si  of  (. (_t_) 

Mn;,l  e-exponent  i  1  I  cb-'  ay 

it.  l  s  porhujs*  wn|  t  h  siatinj:  at  t  lie  ceit  ret  t  lie  couil  i  I  i  on''  under 
which  s  i  II",  I  c  exponent  i  il  cb1'  ay  should  bo  ant  ic  ipalcal.  (am:,  i  ebu  i  lie,  a 
Single  C'ifilt  ins,  component  j  n  the’  c  omb  -used  phase,  electronic  excitation 
will  be  followed  by  rapid  eqnilil,i  i in  of  vibrational  energy  to  produce 
the  Hoi  l  SPIIIII  (list!  i  I  *  1 1 1  ion  ot  levels  f  r  cun  whir  1 1  pm  i  ss  i  cm  oc.c  ill  :  . 

Since  (lie  equitihrinn  which  maintains  this  distribution  is  usually 


rapidly  estnbl  Lshod  compared  with  tin*  timescale  of  electronic 
relaxat  ion  processes,  the  depopulation  of  Llie  excited  stale  can  ho 
represented  by  a  simple  rate  parameter,  a  pseudo-first  order  rate 
constant  multiplied  by  concentration  of  excited  species. 

d[lWJ  =  k ' [ 1 M*  J  (15) 

dt 


We  are,  of  course,  familiar  with  the  division  of  the  pseudo-first 
order  c locay  constant  k*  into  individual  contributions,  based  upon  a 
simple  scheme  such  as  that  below, 


'I  +  hv  -*■  M::  1  ^ 

(16) 

->■  ;l  +  l'V|..  kj. 

(17) 

^  ''' 

(18) 

f‘i::  +  <)  (picnclii.n;;  kp[Q] 

(19) 

such  flint:  k'  -  k.,  +  1:.,.  .  h  k  [()],  with 
ItoJdin-t. 

l he  usual  relationships  below 

’i"'  -  1 ' t;  '  list:  1 

(20) 

1  (lk  +  klSC  +  k(.)K,I) 

(21) 

It  is  important  t.o  remember  that:  rale-constants  relate  to 
hulk  proper l i os  of  molecular  systems.  Thus  for  example,  a  normal 
theinaJ  h  Lino  lee  n  Jar  rale-constant:  for  the  hypothetical  reaction 
(22.)  represents  the  rale  observed  in  1  he  IrnJk,  and  i.s  thus  averaged 
over  all  initial  energy  distributions  in  A,  B,  angles  and  velocities 

A  +  B  C  +  1)  (22) 


of  approach,  product  int  ernal  energy  d  i  r;L i  i  but  i  ons,  trajectories.  and 
k  i  net  i  c.  oners;  i  es .  ./  f  oxpor im*  -nt  s  ate  performed  i  n  c  o_n  d  i  L  i  of  is  such 

tin  t _ those  iiaramol.ei  .are  spec  i  1.  i.ed  9  t  ium  t  he  probab  i  1  i  l  y  of _ r  ear  l  i  on 

observe  vl  _w  i  I  I  not  »  n  1  ate  ta »  1 1 1 .a  to  1  > sc  *  i  _ye  <  i  _j  n _ tli  <  ■ _ In  1 1 k  p  1 1  a  so,  and  may 

have  di.lt'M  on l _ t  unct  i  one.  1  i  o_rrw 

The  Common  causes,  ol  deviations  from  sinpjo  exponential  decay  of 
f  1  uoresemte t»  in  tnolnrular  sys.toms,  ha';  l»oon  reviewed  elsev.diere  [2],  and 
thus  a  digest,  only  is,  pivon  here.  hiiofI\,  thor. •'  aro:- 

ikd. era > - m n ■  i  t  y 

lot  rote  than  one  siiiinll.meous.lv  oxc  ilf*d,  non  interact  i  tip, 
species,  the  flora)  ol  total  f  I  no*  osronr will  la*  float  ribed  in 


r, 


principle;  by  ( 2. )  .  Tbo  sil  u.it  ion  wi  l  h  two  mm- in  tome  ting  species  is 

L ( t  )  -  !:  A.o“t/Ti  (23) 

j 

fairly  commonly  mot,  but  as  the  number  of  species  increases, 
interactions  such  as  energy  transfer  arc  bound  to  become  more 
probable,  complicating  the  kinetics  (or  rather  simplifying  them  in 
some  concentration  ranges). 

In  the  extreme  of  a  large  number  of  non- interact ing  sites,  such 
as  molecules  adsorbed  on  a  solid  surface,  in  defects  in  molecular 
crystals  or  in  some  polymeric  .species,  the  decay  may  be  better 
described  by  a  distribution,  of  decay  time's,  suitably  weighted  about 
some  mean  value. 

A  recent  treatment  l*v  A  1 bei y  el  a  I  |  1 1  gives  a  rat  e -pnrni: e|.  er  k 
as  a  distribution  r  epi  er-ewt  *u.|  by 

k  .  (;>:)  (: '•) 


'Jims  I  he  demy  of  <  oinaisl  i  »l  j  mi  ('  «*;  a  sjeri.-s  t  I  on  initial 

concentration  (’  i:  given  bv 
o 

I.  •=  C  )  I  c  >:|>  (,  x  )  |.tx  (23) 


where? 

+• "  ■ ^ 

\  -  kl ,  and  \  ( -  >:*  )d  \  =  n 

The  width  of  tin*  distribul  ion  mu  be  obtained  simply  by  using,  this 
analysis  by  measuring  l  1  5  and  If,  t  lie  t  imes  taken  f  ni  decay  by  p  and  g 
initial  concentration  respectively,  and  r.quatinn  (2(>). 

y  -  n.ov  |t  '/t  •  -  1 J  ‘  (^6) 


fu  simple  case*;  of  two  or  three  nr  pot  hip-  lour  component  s ,  the 
derived  A.  and  resolved  integrated  areas  under  de<  ay  curves,  A .  i  .  ,  are 
respectively  measures  of  the  init  ial  f  dim  fnt  t  it  inn  oi  each  spei ..ies 
modified  in  one  rase  by  the  radiative  ruip-rmistani,  the  second  by  the 


A 


>•,  i 


-  i 


(27) 

(28) 


quantum  Yield  ol  f  1  nor  es«  run  e.  Without  knowledge  of  respet  t  i  ve  values 
of  1:^,,  or  Oy  tor  earl:  s.jerle:,,  little  <  an  he  said  about  initial 
concent  m f  i  on  * . 


It.  pass  ilile 
three  conporvuit  s.  f  \  < 
on  one  surd:  exp-a  i  ito 


in  f  a  voitr  tb  I  e  fa.M".  In  d*’t  e; 
•:a  a  s  hi  1  •'  ex  per  ir  i«  n  t  a  1  r  nr 
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ve  jauresslti 
a  1 t  hough  i e 1 
111  is  is 


i  i  y 

i  a  1 1  c  e 


i  ur  \ 


ill  ust  i  a  tod  in  Figure  which  displays  analysis  by  this  method  of 
Simula  Led  data  obtained  by  convolving  throe  components  of  respective  A 
and  y  (shown  in  Table  1  as  initial  values),  with  a  real  instrument 
response  function  usi.ni>  a  cavity-dumped  dye  laser  (see  below)  adding 
random  noise  to  simulate  the  experiment,  and  then  analysing.  Recovered 
values  of  A  and  t  are  very  satisfactory  for  a  three  component  fit  (2b) 
but  a  two-component,  (four  parameter)  fit  is  seen  to  be  unacceptable. 
(Figure  2a)  [A]. 

It  is  very  important  to  stress  hero  what  these  simulated  fittings 
mean,  A  triple-component,  (six  parameter)  fit  will  certainly  under 
some  circumstances  simulate  other,  more  complex  forms  of  decay,  and 
thus  great  care  musL  be  Laken  in  int  oi  pr  et  at  ion  of  dat  a  using,  such  a 
model.  However ,  we  have  shown  above  that  the  technique  can  recover  the 
correct  functional  form,  of  the  deray  pat  .met  era  i.o.,  while  a  triple? 
component  fit  is  not.  automatically  the  correct  I  ua>  I  ionil  form,  i.  I 
certainly  is  not  am  onatiral  1  y  inappropriate.  I'valuation  of  the  data 
must,  rely  on  a  range  of  experiments  which  test,  tin  tndel,  and  al  1 
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[V  I  ax  it  i  o<  o.-.'.os 

Of  t .he  many  |><v;s 
pelt  i  itent  to  pol  yn.ot  s .  The  i.asir  j ;  <  m  i » •  r  .  1 1  s<  Ii.m e  1  leads  t  o  t  lie 


predict  ion  that  the  decay  of  uncomp  I  e>.rd  f  J  uoropliore,  A*,  termed  hnrc 
monomer,  and,  complex,  A0*:,  .should  lollow  the  1  unci iuiial  forms  shown. 
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+  B  ^  product  s 

the  decay  law  of  A  :  ,  monitored  by  f  I  uorcscenco,  li  is  born  shown  to  bo 

l(t)  =  exp  (-At.  -  2\\ti )  (33) 

where 

A  =  i  +  4i;a  [)AB  1*;'  [B]  (36) 

i 

o 

a  rid 

B  =  4,1  DAI!  ^  fi'  t':l  (  J I) 

whore  1)^  the  t.rnnsl  at  ioi»j  ]  di  <  [u:;i.on  coefficient',  and  rj  is  t  lie  sum 
of  the  radii  of  the  t  w;>  species. 

Tim  exponent  L-:  1  -l  ■  tern  in  (13)  1ms  been  observed  in  queit' h  in;; 
reactions  in  point  inn,  but  onlv  on  Inst  (-•.  1  iis)  t  imesrales  [  /|.  Ibis 
an  important  point,  tint  some  <  1  •  -  v  i  - 1 1  ion;  from  simple  exponential  decay 
laws  will  only  be  observable  il  the  apptopriat.e  o>:  j.er  i  i.ient .  i.l  t.  inerrna  1  e 
i  s  employed.  Kor  Lite  restricted  M»tal  ional  r*» » I  ion,  Ma^.ili  et  al  [H| 
have*  proposed  llm  d**f  ay  lav:  should  obey  a  similar  I  tun  l  innal  form, 

1(1)  -  A  e ..  p  [--(at  h  bt  |  i  B  oxp  (  ft  )  (  Vd) 

alt  non  si  tin*  i  lir'ot  <•!  j(  il  !•  i  .  i  ;  'if  this  is  not  float.  horsy  laws  for 
[  1  nor  ef.r  ear  e  a  1 1  i  so  t  1 1  •  j  >  v  ,  whirl!  (  ii.  b»»  very  rontplo:;,  will  lud  be 
d  i  i-c  'listed  her  e . 

I  ins!  t’.y  t.tan  -ter  and  ia  ,;i  it  i  * »;i 

'I  ii  i  ;  : .  ub  jr,f  t  bat  b'-.-n  reviewed  extensively,  and  this  d  i  sc  uss  ion 
will  not  be  ai  ip  I  i  1  i  od  h*j'-.  In  tin*  simple  case  v.les  e  randomly 
d  ist  i  L  but  ed  immobile  donors  and  a»  copiers  art*  considered  at  a  donor 
(  oneent  r  at  i»»n  such  that  donor-  d*  >n  *r  transfer  is  nepjible,  t  lie  l  i  mo— 
dr*p<.Mid<ui' e  of  doiie?  I  1  nor  t'coim •*  i 

M.t  )  -  -M-  I  St/r)  -  ,  ft/,  ),A;|  (39) 

v.licrc 

Tf  -  Wi)'i  I  1  -  V-  r:.:()  ‘  (40) 

with  S  -  ft  f  f»r  jd  i  pn!  o  .1  i  po  1  e  tianlr'is  and  >.  ^  is  tin*  number  o  f  acceptor 
molecules  /  (in  ,  B  i  a  <  oust  ant  proportional  to  the  overlap  o  f  donor 
emission  and  accent  «r  ab'-o;  pi  ion.  In  this  case  of  dipole-dipole 
interact  ion  formulated  by  I  orator,  the  deray  e.  hi  hits  an  n::pun**nl  i  a  l 
decay  plus  an  additional  evp(-t-  )  dop'Midem  e.  For  e>.(  bans/*  energy 
trails!  or,  the  d«*f  ;»>  rate  has  a  different  dependence. 


1(0  -  c-.vpl  -t  /  r 


(41; 


-  a'M  tU- )  I 

where 

y(0  =  (,7.  II  '/[il!(;i  +  l/‘]  (40 

:i  =  o 

and  the  constants  u,d  can  he  related  to  macroscopic  constants  is  with  y. 
In  both  cases  the  decay  i  represented  hy  an  initial  non-exponent  ial 
component  followed  at  Ion.;  tines  by  the  decay  o(  the  uncpieruhed  donor. 

In  cases  where  eMieipv  migration  is  a  dominant:  feature  of 
luminescence,  as  in  molecular  crystals,  various  I  cams  of  decay  are 
expected  depending  upon  i a  r«  umstanres,  hut  relyinp  upon  sol  ut  i < air;, 
usually  complex,  to  the  basic  rate'  equations  where  K(t)  is  Lin*  time- 

i‘(t)  -  -(b},  f  h,  (t  )  |i.(t  )  (41) 

)  -  -h  j'IO  )  +  I  ,  (UK(tJ  (44) 

dependent.  population  of  the  initially  ex*  i  t  rd  (excitnn)  state*,  T(t)  tie* 
population  oi  the  trap  state,  kj  lice  d'*r  ay  rate  constant  fm  baud 
stales,  !  ..  tiie  decay  late  constant  for  trap  states,  and  bj(t)  t  Ik*  time- 
do  pendent  trappin;  rate  functions,  tlm  form  of  which  depends  upon  the 

of  1  net  i  vo  transput  t _ t  opn  |  tnj y_J  HjJ  -  Kor  a  .strictly  ono~d imensiunal 

transport,  layer  has  Riven  t  iie  form  of  hj(t)  as 

b,  (t)  -  At  ;  (4o) 

I' or  quasi -one- d  i  mens  i  ana  1  ,  \  \;e~d  imen  s.  i  ona  1  ,  and  three-dimensional 
d  i  f  f  us'i  on  1 1  pi  ocer;se«;,  other  forms  are  appropriate  [  10,11-14].  Thus 
very  extensive*  tlienretical  and  p  i  rose*  ond  experimental  worb  on 
e  1  oct.i  on  i  c.  excited  state*  transport  in  finite  volumes  of  randomly 
d  i  st  r  i  but  «**d  molecules  has  been  repot  lei,  wtiic.li  shows  that,  there  are 
significant  deviations  in  the  behaviour  of  finite  volume  systems 
compared  with  the  infinite  volume  syst  on:;  considered  above.  I  lie 
treatment  is  mat  hemal,  i  ca  1  I  y  romp  I  ex  and  the  results  will  nut  be  Riven 
here  explicitly  |  1^-14).  f- redor  i  rksun  and  f  r  anc  k  [  l  r5 1  have  used  this 
treatment  to  suj'jjesl  possible  terms  lor  the  decay  of  monomer  and  growth 
and  decay  of  oxc  liner  1  I  uor  esc  'Mice  in  vinyl  aroma!  'c.  polymers  where 
electronic  energy  migration  mi:;l»t  be  a  dominant  process.  This 
Ireatri'-nt.  is  present  «*d  elsewhere  in  the*  volume,  find  will  he 
discussed  briefly  below. 

Heterogeneity  in  p»>lyt:»-*i  s 

’# 

b  ven  a  polymer  snple  «*i  nariow  i*i.»1  nru  lar  einht  distribution  is 
just  that.,  a  «i  i  si.  r  i  but  ion.  Mice  i  he  f  l  not  esernce  process  can  be 
extreme  I  y  sens  it.  i  v»  *  in  t  In*  <*ir.  i  i  a  'imen !  «»f  tin*  fhiorophore,  in 
pri  nr.  i  p  1  c  ,  a  r.ni;*/*  «  f  env  i  r  our  a*  -n  i  s  is  beim;  observed  oven  in  a  n;»n 
interact  in;;  1  l  uoi « *  |  >r  «*,  that  is  a  rm  1  «*<  u  1  n  which  does  m>l.  interact 
with  lie  i  ;!ibf»nr  i  n;;  (  hr  orrophui  <*>:  thjou;;li  eye  i  co  *  i  I  o  rural  ion  or  oner  j;y 


tianstf'i  i*r  v:.  i  t  at  i  »>!t .  Ihi-  sitnitios.  !r  r..»>v<*r  ,  <  ' » i  r  f  ■ :  •  j  ■  r  >  r  i  I .  I  o  r] 

u!i;-.r-r  veil  in  a  t  r  f  *<  *  <  hi  omophor  »•  in  sol  at  inn,  t  i:ti  i  In*  d*‘<  ay  slmnld 

r.ndo  ]  1  r-d  ado.jiial  o  1  v  l» v  .1  i  - : t  ^ -in*  .  Ihis  i  ■  •  * orlainly  not  r! 

for  i  nLoract  in.;  t  hr  <«.  ■  iphor  o  •  t  *. !  i*  *  i  f  Ik*  lot  ■.!  fiiv  i  rf»ir«*i:t  .» i  1  1  1m 

critiral  in  dot  nr  ns  i  n  i  n»;  tin*  oy  rat**  <>:  ,tnv  |or  I  inil.ir  Hunrop! 
In  a  h')Mc.i|n»l  ynor  ,  t  Ik*  prim  ipil  cans**  of  In *|  nt  ov;oim i  I  v  v%  i  I  i  ho  •( 
t  i<t  if  it  of  t  Ik*  polv.r.or,  i-nta*.  tic,  r;\  nd  i  ot  an 1  i  r  and  at  id  ir  j  >1 
boi  nv;  cxp.TtO'l  to  bohw*'  vet  y  d  i  t  1  ♦  1  y  ,  ;r*  outlined  e  1  sovdmro 

1 1 1  i .  volurr.n.  In  ra  v.lmre  r  i  •  > . ! ;  i  n  1 1  !  y  'atactic  ’  pihr/T:-.  c.onci  a 


isotar  lie  and  svndiof  o  t  i< 


th'’  d»‘i  mv  mv  in  fav'  *nr  ah  I  * 


sinplo  cm  set-:  In*  i  nl  or  j  r  ot  a  I- 1  <*  in  fori  ol  a  r.nrvi.rit  i«>n  ot  ox  |  •*  »n » ■  n  t 
clfMravs  of  two  kind  i rally  dint  i  in  f  j  j  -*«  i  .  i  nr  a  wide  di  dr  i  hit 

s  i  t  f<9  a  kinetic  r.:or!o  I  rr*o;ni  :  i  n this  h*-t  ei «  .-.'cik  i  t  V  f  s  y  h*  !•"  »r  • 

appropr  iat  o,  a  1 1  hotn-.h  thi'.  viohh.  inf>a.  it  i'»n  ot  1  i '  i  l  *  - 1  is  a  • !  n  I  :n 

In  c  f  i  j  «i  I  Vi  mr  I:«»t  «*r  -im*  i  t  v  of  oi.  ■  i  r  <n.  .on  t  o'  a  (  hr  ( «■  •  •}  h«  r  •• 

v  i  r  l  no  of  <  {.ii-.ij.o-;  i  t  i  mu  l-*.,  « ,  •  .  <  • :  uvi  j  i  !  i  r-  ;  fini  ria, 

1  l!  ’  L* ' 

In  a  ja.il!  i  ml  a  If  v  r-a.ilion!|  .  .iim.  of  i  I  I  'a  a  *«  j  •!•■  »r  o  in 
sol  ut  i  on  <-f  <  in  :•  on  i  j.  t  i •  «  *  1  o  .ml  t  I  •  "!■  "iwl  \  ■  ioii  i  t  ! 
;\\  f  •!  >  w |  ci  vo  j  nl)  i  ■ ,  I .  •(  n  1  i ;  -  • :  i  ( ai  t  *  t  i  •  m  ,  In  ,  >  ■ .  •.  a  t  i.d  m  p « >  1 

(  i  i  i  i  i  i  :  o  t  J  o  n  j  .  in  •  • • i i *-r  a  I  :■  1  o  v ,  !  i '  1  <»•  i  I  i  :• » l  i » >i  i : :  i  ■  » v  or  <  1 1 

t  li'*  •  i  •  .  •  !  i  i  o  i  j  |  f •  . i  ■ .  t  1  ii  -  .j  /•  ■  on,  i .  t  ?  j  i  i  in  •  ■  l  of  ,i  1  i,  of  i  on.  ,  : 

:  -  •  ■,  Mm  ,1  :  nl  imi,  d<  a  *  i  .  i  n*  t  h**  t  « t  •*  *  - 1  i  u:  <  ■  ■  ■  ■■  I  o  .|i  i  ir  i  «,  i 

>  : ,  •  •  i :  t. '  ■  •  « •  j  a  i  1 1  <  for'...!  I  i :  o  r  1 1  f  •  ■  j  :  ■  :  .  •  i  < . !  ■  I  o  j  r .  1 1  1 1  i  .<»  t  i  o  j  i 

<-■  .  .  . . o  i'-<  i  -a. 


M  - '(  t  r  (  a  i .  fir  i  '•  v  t  r  sir*  I  <•  i  ,  i  •  i  j :  a  I  i  or*  in  j  •  p,  mm 

ill*  •  i  ,,V  ni  ,'I  li  i  on  i  t  1  ■>•-,  ■  1 1 1  I  r»  .•  m:  i  n  r.  i  n  \  v  i  li 1  or  o:  tl  i' 
i  m  1 1  yi  |  <>r  i .  ;•!**,  an!  if  t  h  i  *  pi  *•  •  _>  •  r  a»  *•  ■  I*  •  t  f  r  • ,  i  n  i  n  j  I 

ffnnfvi"!  ,1  liiiiic.  i  ci'i  -•  I  lion  t  ;»f  forn  ot  »  !n-  <•••,. ir  >iou  tr-ml  to  ; -o 

(  I  Uor  o'...  o;:r  **  in  or  •!<•,  ,  nn  it  ho  r  r>;  i  f  t  f  ;•*;  i|f  r  i  l*fd  .jh'V 

V.  ha !  pro;  port  i  :  *  !  r  ■  i  <  •  !<r  .  i  n.  1 1  v  .  i  h  •  d»l  it  and  roiovor  in;:  1 
appropriate  for  .o:  >  ,,|  t  h  j  i  « «.  i  •!■  -n  I  i  !  i  o.j  .  i !  u  >  \-  *  *  ?  hi 

till*  t'V:.  !.«•;:  is  v»*rv  *  » i  *  •  t  *  •  1  !  .  din  .“li  to  ;  «>ini  :o  t  hr*  1  i  1  f  1  i  hoc  <d  o 
ol’.a  •  t  v  i  r* .a  ptrti'iii-r  tori  o!  do.  .  f  I  !  <•  .*•  nidil  hf  p.oorl.  i  or 
f*y.  n  p  I  »• ,  in  li  pur  »*  '  !»•.•..  J  In*  do .  . » y  <  - ;  !  I  >  1 1  •  mmm  o  I  r  >  ■  i  a  t  i 

ot  a  pol  y(d  i.n  f  t  v  If  ;•  •  )  v.h  i ,  h  is  li  i  h  I  .  o;  dot  ■••!  |  i  |  ,  I  <  id  i  I'.;  to 

d  in  i  on. !  I  cxi  i  t  on  d  i  I  !  n  ;  i  fi ,  .nil  v.  i  *  h  •  \  ■  a  v  .(nut  t  i  ip  'h  <  i  v 
sin  h  tint  l  In-  j  or  : ;  o  |  sir-  ti  .  •  .  ;  j  oi:  . ,  -.n  •  »pr  i  ’ '  -  •  for  t  i ,.  ■  <!•  •-  *  v  , 

ox pon '*ti I  i  a  I  t  *  d. f  i  (  1  •  •  : i  I  •.  "’  f  \  i  -.1  t  I  i  ’in  f  '»  )  |  I  I  ] . 

•'  hit  of  i  o  t  «•  .  i  .  t  rn.ii  i  •  <  I  i  I  1 1 1  .•  "  o  I  1 1 1  j  o  1 1  • .  nl  f 

v  i  ny  I  a  t  <  •.  it  i  <  pulp  u. 

I  ii  on  r  i- a  I  I  \  ■  a  i  ,  it  l>  {•■,..(  1 :  l  ! .  :  I  .  >  p d  •'  i  •  i  t  1  *.  1  i  n  -  lt  i 

s.  1  if  a  -  •  r  l  p  r  o  -  .«•!,*  i  li  •  I  I  i ;  .1  f  |..|  i:  l'  l  '  .  a  I  !  d<  ■*  i."l  <•  i  I!  !« 1*  ji .  I !  '  ’ 

t. :  oh  - 1  I  i  I'  .  I  I  U"i  'ai.  <>  in  c  o  i  ■■  .  i  ini  ivii  ,  {  <1  \  .  i  :  j  1  /  i  !"■ 

f  iip  i  i  i  ‘  a  I  (dr  -  r  \  •  t  i  ■  ■  1 1  t  hit  ;  ni  l  ti  p  I  c  (  da  i 1  a  i"!  t  i  i  p  I  *• )  c  j«oiif  id  i  a 

*'<>> 1 1  (\  r::odf  1  sin  *  < ■ .  •  I  ,i  I  I  v  t  1 1 ■  •  i  v  of  :  m  -  -a  a 1  n 1  «»>  <  i  • ...  -r  f  ht*  »i  <  * 

in  polvfvirr.l  n  ipht  h  i  |,iif  )  h-.l  m  t  ..  rroi  «  .•  r.isplf  s.  !•'!:.  whit 


progress  by  (Inviting  cxpor  inent.r?  which  will  provide  a  means  of 
identifying  the  processes  which  are  rate-determining  l  u  any  system.  It 
is  axiomatic  in  using  such  methods  that  the  simplest  model  fully 
compatible  with  all  results  must,  he  .selected,  since  one  can  always 
replace  this  model  by  one  which  i  s  more  complex  mat  homt  i  (  1 1  1  y  •  'I  his 
however,  may  defy  interpretation  in  physical  terms.  A  demonstration 
that  a  very  complex  model  is  as  compatible  as  a  more  .simple  model  with 
a  particular  set  of  data  is  not  in  itself  cause  for  abandonment  of  the 
simplest  model.  The  way  forwards  as  always,  is  to  devise  experiments 
which  further  tost  the  validity  of  the  simpler  model,  and  at  the  point 
where  this  can  be  shown  demonstrably,  ex per imenta 1 1 y  to  be  inadequate, 
to  abandon  it  in  favour  of  l  lie  simplest  t  of  i  nod  model  which  is  t  laui 

fully  compatible  with  the  results.  This  i  s  the  approaf  h  wo  h  ivo  t.ik'-n 

and  will  continue  to  tale. 

It  is  clear  that  t  Ik*  origins  of  tin*  phot  np!>\ s  i  •  a  1  of 

l-'lyrs'is  wit  I  continue  to  the  suh  j'*{  t  *>1  lively  dol>»t«*  t  <  •  r 

ti::o.  Activity  in  a  fp-h!  which  has  ptovi’d  to  ho  t.ipidlv  •:  p  m! !  n  ■  and 

:t  ii  :s  1  at  i  ti”.  during  th»*  pod  d**r.  ado  soon,  lil.ely  l"  is.  i  i  1 1 1  iiu  :■ .  i  ■  -  ait  ut.  in 
tie-  r i ? •  x l  few  ye, us. 


*;»  «.i  i:*.j  if 
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ABSTRACT 


Time-resolved  fluorescence  anisotropies  of  pcrylene  in  glycerol/wnter 
solutions  have  been  studied  on  nanosecond  time  scales.  Anisotropy  decays 
were  obtained  using  mode  locked,  cavity  dumped  laser  excitation  and 
single-photon  counting  detection.  The  anisotropies  are  well  characterized  by 
a  double  exponential  model  and  give  rotational  decay  times  which  can  be 
related  to  diffusion  about  the  in-plane  and  out-of-plane  molecular  axes.  The 
pre-exponential  factors  are  determined  by  the  relative  orientations  of  the 
absorption  and  emission  transition  dipoles  and  are  not  sensitive  to  solvent 
viscosity,  temperature,  or  other  external  parameters.  The  pcrylene 
/  glycerol /wilt  or  system  appears  to  be  a  useful  standard  for  comparing  and 
evaluating  different  experimental  techniques  and  analysis  procedures  for 
nanosecond  and  subnanosecond  measurements  of  fluorescence  anisotropies. 
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1.  Introduction 

Time- resolved  fluorescence  anisotropy  measurements  can  piovidc  detailed 

information  on  the  roorientational  dynamics  of  molecules  in  solution.  Until 

recently,  however,  this  information  has  been  limited  to  single  rotational 

correlation  times  which  are  only  strictly  appropriate  for  the  diffusion  of 

spherically  symmetric  systems.  Improvements  in  instrumentation  and  data 

analysis  techniques  during  the  last  decade  have  lead  to  increasingly  accurate 

12  3 

measurements  of  fluorescence  lifetimes.  ’  ’  These  capabilities  also  have  load 
to  parallel  improvements  in  determinations  of  fluorescence  anisotropies. 

The  advances  in  timc-rcsolvcd  techniques  have  fostered  a  re  examination 
of  theories  of  the  rotational  motions  of  molecules  in  liquids.  Models 

4  5 

considered  include  the  anisotropic  motion  of  unsymmetrical  fluorophores,  ’ 

the  internal  motions  of  probes  relative  to  the  overall  movement  with  respect  to 

their  surroundings,®  the  restricted  motion  of  molecules  within  membranes 

n 

(e.g.,  "wobbling"  within  a  cone),  and  the  segmental  motion  of  synthetic 
8  9 

macromoleculcs .  ’  Analyses  of  these  models  points  to  experimental  situations 
in  which  the  anisotropy  can  show  both  nmltiexponcntial  and  nonoxpenential 
decay.  Current  experimental  techniques  are  capable  of  distinguishing 
between  those  different  models.  It  should  be  emphasized,  however,  that  to 
accurately  extract  a  single,  "average"  rotational  correlation  time  demands  the 
same  precision  of  data  and  analysis  as  fluorescence  decay'  experiments  which 
exhibit  dual  exponential  decays.  Multiple  or  non  exponential  anisotropy 
experiments  arc  thus  near  the  limits  of  present  capabilities  and  generally 
demand  favorable  combinations  of  fluorescence  and  rotational  diffusion  times. 

Another  key  issue  with  'regard  to  determinations  of  :  nisolropy  decays  are 
the  wide  variety  of  approaches  to  the  calculation  of  rotational  lifetimes.  This 
is  in  contrast  to  the  situation  for  the  determination  of  unpolarized 
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fluorescence  decays .  In  the  later  case,  stable,  cavity  dumped  dye  laser 
excitation  sources,  time-correlated  single  pboton  counting,  and  standard 
procedures  for  deconvoluting  fluorescence  decays  have  lead  to  the  acceptance 

of  decay  times  as  relatively  easily  measured  parameters  by  which  to 

2  3 

characterize  molecular  fluorescence.  '  Indeed,  these  measurements  have 
reached  the  stage  where  fluorescence  decay  standards  arc  available  to 
calibrate  new  experimental  techniques.1 

The  anisotropy  of  n  system,  r(t),  is  derived  from  measurements  of  the 
fluorescence  decays  with  polai izations  parallel  and  perpendicular  to  the 
polarization  of  excitation: 

r (t)  =  (I|(  (t)-I^(t))/  d((  (t)  +  2I^(t))  =  D(t)/S(t)  (1) 

The  different  approaches  to  analyzing  the  time  dependence  of  the  anisotropy 
generally  arise  from  different  methods  by  which  deconvolutions  of  I()(t)  and 
Ij_C t )  are  translated  into  a  decon voluted  r(t).  For  example,  tile  rotational 
parameters  can  he  extracted  by  individually  deconvolving  I  (t),  individually 
deconvolving  I  (t),  deconvolving  D(t),  deconvolving  both  D(t)  and  S(t)  and 
reconstructing  r(t),  simultaneously  fitting  I  (t)  and  I^(t),  simultaneously 
analyzing  several  decay  curves  ("global  analysis")10,  etc.  These  and  other 
Indian. s  recently  have  been  discussed  in  some  detail  by  Cross  and  Fleming. 

At  this  point,  there  is  no  general  agreement  on  which  of  these  methods  is 
most  accurate,  most  efficient,  least  subject  to  typical  systematic  errors,  etc., 
and  it  is  fair  to  state  that  a  critical  comparison  of  various  experimental  and 
analysis  techniques  has  not  yet  appeared. 

An  important  complication  in  such  a  comparison  is  that  several  previous 
studies  have  not  fully  appreciated  that  t lie  statistical  procedures  applied  to 
unpolarized  fluorescence  decay  cannot  he  directly  transferred  to  the  analysis 
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of  D(t),  r(t),  etc.  Whereas  I  (t)  and  I  (t)  individually  follow  the  Poisson 

statistics  routinely  employed  in  previous  fluorescence  decay  measurements, 

deconvolution  of  D(t)  and  S(t)  must  employ  properly  propagated  weights 

12 

which  are  distinctively  non-Poisson. 

This  paper  addresses  the  issue  of  the  "host"  experimental  techniques 
and  analysis  procedures  by  reconsidering  peryleno  (figure  1),  a  molecule 
whose  fluorescence  anisotropy  has  been  shown  to  he  characterized  by  dual 
exponential  decay.  u  The  purposes  of  this  study  arc: 

1.  to  investigate  and  critically  compare  rotational  correlation  times 
and  pre-exponential  factors  obtained  for  perylene's  anisotropy. 

2.  to  develop  a  standard  fluorophore/solvent  system  which  would 
provide  a  useful  focal  point  for  evaluating  the  various  procedures 
used  to  analyze  and  interpret  polarized  emission  decays. 

Peryleno  initially  was  identified  as  an  anisotropic  rotator  in  steady  state 

polarization  measurements.  Weber  et  nl.'s  observation  of  wavelength 

dependent  Perrin  plots  indicated  the  presence  of  at  least  two  distinct 

rotational  motion.  '  1  The  subsequent  development  of  time- resolved  techniques 

lead  to  more  detailed  analyses  of  perylene's  anisotropy  by  Brand,  et  al.  and 

Zinsli  et  al.^'  These  investigations  indicated  that  t lie  rate  of  rotntion  about 

tiie  symmetry  axis  (z  axis  in  figure  1)  is  about  an  order  of  magnitude  larger 

than  the  rate  of  rotation  perpendicular  to  the  z  axis.  We  have  extended 

these  earlier  investigations  by  taking  advantage  of  improvements  in 

fluorescence  decay  measurements  brought  about  by  mode  locked  laser 

excitation,  single  photon  counting,  and  the  use  of  proper  statistical  weights 

in  the  deconvolution  of  experimental  decays.  Our  measurements  provide 

/ 

additional  insights  on  perylene's  photophysionl  behavior  and  establish  useful 
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:md  conjveniont  samples  for  comparison  and  evaluation  of  anisotropy 
measurements  on  nanosecond  and  subnnnnseccnd  time  scales. 


2.  Theoretical  Background 

The  fluorescence  anisotropy  of  the  general,  nnsymmet  rie  rigid  rotor  was 
5 

first  given  by  llelford  et  nl.  and  subsequently  discussed  by  several  other 
workers.*’’^  These  treatments  lead  to  the  following  expressions: 


I  (t)  -  e~t/T^(l+2!-a.e  t/T|) 
11  i=f 


i  t /T f, .  r  -t/M. 

I  (t)  =  c  (1-  'a.c  ) 

-i-  1-1* 


I)(t)  =  I  (t)  -  I  (t)  =  3et/Tfj:n.e_t/l1 

II  J. 


i=?l 


S(t)  =  1  (t)+21  (t)  =  3c 

1 1  -L 


t/Tf 


r(t)  =  D(t)/S(t)  =  ra.o 

i=l  1 


t/Ti 


(2) 

(3) 

(4) 


(5) 


(G) 


whore  the  T.  are  functions  of  the  rotational  diffusion  coefficients  around  the 

l 

three  principal  molecular  axes  and  the  a.’s  are  functions  of  the  direction 
cosines  relating  the  absorption  and  emission  transition  dipoles  to  the  principal 
rotation  axes.  For  perylene,  these  expressions  can  bo  further  simplified  by 
assuming  that  the  rotational  diffusion  constants  about  the  two  in  plane  axes 
are  identical.  This  approximation  reduces  the  number  of  terms  in  the 

g 

summations  from  five  to  three  and  the  anisotropy  then  can  be  expressed  as 


r(t)  =  2/5e  6nbt  Ee 
k=o 


k2(Ij  -D^)t  jr  (0  0  cj>  ) 

1  x  A,  Ii,  AK' 


where  and  6^.  are  the  polar  angles  between  tbe  absoiption  and  emission 
dipoles  and  tbe  unique  symmetry  axis  (z  in  figure  1),  ♦  p  is  the  difference 
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in  tin  ir  n<:inuthn1  anrlps,  ;m<!  win  it  H  ;mrl  I),  n  ■f«,r  to  tin*  rnt«»s  < > f  relation 
L’  n  J 

nlmut  tin*  unique*  s\ iMiiC-t ry  axis  and  any  axis  j>*  t  p«  ndicular  to  this  axis 

F()  =  l/'l  (.-!cos20a  I)  (3ci>s2f-'E  1) 

F,  -  3/1  sin  2r;.,  sin  2n  A  Cost 
1  r,  A  A  h 

n  o 


F0  "  3 / *1  sin"r'  sin"-  ( ‘us 

Tor  pi'i  ylom*  ciir  additional  s  ii;.j 
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molecular  plane.  This  moans 


“'AM 

ili fic:i(  ion  i  -oiac  s 
*  "  *  I  rain-  il  ions 
Hint  1m. th  0  , 


into  play.  Croup  t  beorct  icnl 
:ii  <  )  .olari ;■(•<:  within  tho 
n.,  -  ■12  imd 


i(t) 


n .  1  tin 


ti.no 


All 


(111)  111) 

/  u 


)t 


(7) 


It  should  ho  t  <(■(! l; 1 1 i .-.(•(  1  th.it  tho  diffusion  constants  for  rotation  ;ihoiit  tho  two 

in  j •  1 i 1 1 ('  symmetry  axes-  are  not  rigorously  o<iuivjilont .  As  discussed  hv  Small 
1  il 

and  I s>  nl m1)' g  ,  l.mvi  viT,  tl.oso  rotational  (onstauts  would  have  to  ho  greatly 
(iifforont  for  more  than  two  « * >: j » < •  i . <  nfiafs  to  ho  otisorvod.  This  is  duo  to  tho 
close  interconnect  ion  between  the  original  five-  exponentials  which  shows  that 
1  j  ^  and  i  „  ij  in  e(|iiations  2  0.  V.o  thus  expect  the  fluorescence 
anisotropy  of  peryleno  to  ho  well  fitted  by  equal  ion  7  with  the 
pro-exponential  factors  relating  to  the  angle  between  the  in  plane  absorption 
and  emission  dipoles. 


3.  Txporimenlnl 
3.1  Collection  of  Data 

A  diagram  of  the  time-  lf-solvod  fluorescence  spectrometer  employed  in  our 
studies  is  given  in  Figure  2.  The  excitation  source  was  a  4\v  mode  locked, 
cavity  dumped  Argon  ion  laser  (Spectra  I’liysies  Model  ICO).  A  radio 
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frequency  syunthesizer  (Rural  Onn;i  8082)  and  amplifier  (K.N.I.  -1U7CA)  w-rr 
employed  to  piovidc  till’  modi'  locking  signal.  Synchroniz;  tion  of  the  modi' 
looked  pulses  with  tli<>  cavity  dumper  was  achieved  by  frequency  doubling 
part  of  the  mode  locking  signal  (to  pi  ve  ttio  same  repetition  rate  a;,  the  mode 
looked  pub*  s )  and  using  tliis  as  the  reference  signal  for  the  cavity  dun  per 
drive  electronics. 

The  mode  locked  pulses  (approximately  t'Vr.lli/.)  were  i  educed  to  a  lower 
repetition  rate  Mingle  shot  1M1I'/)  to  allow  samples  to  fully  relay  1"  twin 
ixcitatinn  events.  Vertically  polarized  output  pulses  of  the  all  mu  line  were 
rotated  bv  "/2  using  a  I'resnal  double  rhomb  ( A .  t  J .  Klectro  Optics)  and  then 
focused  (using  a  1(1  car  focal  length  lens)  into  a  temperature  tuned  ammonium 
dihvdrogon  phosphate  crystal  (Coherent  Model  MO  ItV  generator).  I  bis 
pi'oiinced  vertically  j>olar  i.'.ccl  pulses  at  257  nin  with  a  full  width  at  half 
t:..'i x imuin  of  1  DO  ps.  Residual,  undoubled  light  was  removed  by  a  Corning 
7  fit  filler.  Samples  were  contained  in  5  era1  quartz  cuvettes.  Tire  180  inn 
fluorescence  was  viewed  at  right  angles  to  tiro  excitation  beam  and  was 
filtered  (rising'  a  -It'd  inn  entoff  filter  )  and  polarization  sclented  (using  a 
Polaroid  IINP’H  sheet  polarizer)  before  being  focused  on  the  slits  of  n 
I'ilgcr  Watts  0 .  3,'tm  ■  1)3. 'HI  inonoeliroinator .  Spectral  resolution  of  the  emitted 
light  was  typically  2  run. 

Tin'  fluorescence  was  detected  by  using  conventional  single  photon 
counting  methods ^  ^  The  signal  from  the  photomultiplier  (Philips 
Xi'ltlg’OO)  was  sent  through  nanosecond  variable  delay  lines  (Ortee  d R 3 , 
Canberra  7008)  and  a  constant  fraction  discriminator  (Ortee  <1 7  3  A )  to  n 
time -to  amplitude  converter  iOrtoc;  d R 7 ) .  In  order  to  use  tire  fnl!  repetition 
rate  of  the  laser,  the  time  to  amplitude  converter  v.as  operated  in  an  inverted 
configuration  with  tiie  voltage  ramp  being  initiated  try  a  signal  from  the 


photomultiplu-r  ;iml  terminated  by  n  VII,  toyjc  pulse  from  the  esxity  dumper. 
Pulse  | > i I . -  up  effects  v. •  re  ; ■  v « > i « 1  * • « I  by  ar *;u i ping  for  the  ratio  of  ke-er  | •  \ i V  •  •  5 
1  o  detected  phi  'tons  to  I  * « -  j  >  i «  t  *  •  r*  than  200:  1,  I  1m-  <  1;  i  t  • «  from  the 


t  ine  to  .* * i : . | » 1 1 1  into  converter  were  pie 


d  1  >  v  < i  iii nit  i < * T ; ; 1 1 1 1 1 «  1  aualv/er 


(N’cl'land  Timto.-h  f>300)  and  :  toro<I  in  one  half  of  tho  mi  nors  V»12  channels). 


ho  inst rnmr tit  response  filiation  was  ■  ol!<  <  li  <!  t.y  at toi  inp  tl 


to  .  .i  <  in:: 


exciting  light  off  a  dilute,  aijiirous  ■  u- p.  r- ion  of  Infix  parthhs  (Sigma, 

' verago  particle  diameter  of  100  nm)  v.ith  a  tranM-.i*  non  matching  that  of  tho 
poi  ylono  saraples  ('10?,).  The  data  v.i  ic  th«n  1 1  an  *  f«  i  r*  ■ « 1  to  a  I'orhin  Klmnr 
7-32  Computer  for  subsequent  analysis. 

The  fluorescence  decay  tines  wi  re  obtained  from  decays  for  which  the 
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analyzing  polarizer  was  sot  at  tho  ’’magic  angle”  (f»V7°  from  the  \.  itioal) 
and  data  accumulated  until  *3.0 ,000  counts  wore  collected  in  the  maximum 
channel.  Tho  inst  nmeiital  re?  pen  e  fi. notion  was  ti;i?i  ico.riir.i  to  a  maximum 
of  20,000  counts  using  the'  pn  -nMlun-s  d«  ?oi  ibed  above.  In  order  to  minimize 
errors  duo  to  long  term  drifts  in  the  I  ‘ r  intensity  and  detection  elect  ionics , 
the  polarized  fluorescence'  d<  cays  were  collected  by  alternating  tho 
polarization  direction  of  the  emission  along  with  the  memory  addresses  in  tho 
multichannel  analyzer.  'I'hese  changes  were  carried  out  under  microprocessor 
control  which  alternated  the  collection  of  (t)  and  I^(t)  every  GO  seconds 
until  approximately  ‘H),000  counts  were  accumulated  in  the  maximum  channel  of 


3.2  Corrections  for  Polarization  Pins  of  Detection  System 

The  relative  number  of  photons  collected  in  tho  I  and  I  channels  will  in 

/(  X 

general  he  biased  by  the  poiavi/.at ion  dependence  of  the  detection  system. 

This  effect  must  he*  taken  into  account  by  rewriting  equation  6: 


r(t)  =  (1  (t)  G  I  <t>)  (1  (t)  4  2 ( i  I  (t))  D(t)/S(t) 

/[  X  H  X 


(8) 
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where  G  is  the  "instrumental  anisotropy"  of  the  system.  Sever/ 1  methods 
have  hern  employed  to  determine  G.^'^  The  approach  used  here  is  referred 
to  as  "tail  matching,"  a  method  in  which  data  are  collected  to  insure  that 
G=l. 

If  the  rotational  correlation  times  are  shorter  than  the  fluorescence 
lifeline,  then  at  long  times  after  excitation  1^  (t)  and  I^(t)  should  heroine 
identical  (r(t)'O).  For  the  perylene  sample  used  in  this  study,  tail  matching 
was  achieved  by  integrating  and  matching  the  total  number  of  counts  in 
and  [jin  channels  corresponding  to  tines  between  22  and  24  ns  after 
excitation.  This  procedure  was  cheeked  by  comparing  flic  integrated  counts 
for  time  intervals  at  earlier  and  later  stages  of  the  fluorescence  decays. 
Matches  over  several  regions  of  the  decays  showed  that  for'  sufficiently  long 
times,  \ (t)  and  1^  (t)  were  indeed  supcrimposilde.  The  tail  matching  regions 
nseri  were  as  "early"  as  possible  in  order  to  achieve  n  high  signal  to  noise 
ratio  in  the  integrated  regions  (S/N  >  100/1).  Tail  matching  will  not  he  valid 
for  many  other  systems,  e.g.,  those  with  residual  .long  term  anisotropies.  It 
does  work  well  with  our  samples  and  has  the  additional  benefit  of  correcting 
for  fluctuations  in  the  exciting  light  intensities  which  are  not  already 
accounted  for  by  alternating  the  detection  polarization  as  described  above. 

3.3  Analysis  of  Data 


All  decay  carves  were  assumed  to  follow  the  following  equation: 

1(0=  J  I>(t')G(Oj  t')dt’ 

me 

Where  the  observed  decay  intensity,  I ( t )  is  a  convolution  of  the  true  decay, 
G(t),  with  the  instrument  response  function  P(t).  The  time  shift  parameter  6 
represents  the  shift  in  zero, time  between  the  excitation  function  and  the 


decay  curve.  Use  of  this  parameter  corrects  for  the  different  photomultiplier 
transit  times  of  the  exciting  and  emitting  photons  hut  can  he  strictly  justified 
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1  2 

only  wlion  this  <li fferrnro  is  simill.  ’  For  oi.-r  experiments  the  use  of  £  ivns 
justifa-d  hy  the  improved  (junlity  of  the  single  exponential  fits  to  the  m.-igic 
imgl"  deciiys. 

neron volution  of  (loony  curves  wns  nchievod  hy  lejist  squ.-iros  iterative 

1  7  23  24 

toi  hniqu  s  which  hove  hocn  deserihed  in  grent  detail  elsewliere .  ’  '  '  ’ 

This  method  convolves  a  trial  clcciiv  function  (single  exponential,  double 
■  >01.1  i  .t  i  it  1 ,  etc.)  with  tin1  instrument  response  function.  The  difference* 

between  the  calculated  mid  experiinontnlly  i  ecord<*d  decays  is  minimized  by 
varying  the  parameters  in  the  trial  function.  The  quality  of  the  lit  is 
n.iasured  bv  the  reduced  chi  rquared,  >?  where 

?'  w .  |  V ( t. )  I  ( t . )  ] 2  /  (tq,  n,  <  1  p)  (10) 

whcie  w.  is  the  weighting  factor  and  Y(t.)  1(1.)  is  the  difference  between  the 
calculated  and  observed  intensities  in  channel  i.  n  and  n9  are  the  first  and 
last  channels  of  the  section  of  the  d<  cay  to  be  analyzed,  and  p  is  the  number 
of  parameters  in  the  least  squares  fit.  Statistical  criteria  for  judging 
goodness  of  fit  have  been  discussed  in  considerable  detail  by  Lamport,  et  nl .  ^ 
liquation  9  applies  to  I(t),  the  fluorescence  intensity  observed  under 
magic  angle  or  rapid  rotation  conditions,  1((  (t),  I  (t),  and  any  linear 
combination  of  those  latter  two  functions,  i.c.,  II ( t )  and  S(t).  For 
I(t),  I  (t),  and  Ijd)  the  weighting  factors  employed  in  equation  10  follow 
I’oisson  Statistics  with 

w.  =  l/o*  =  l/l(t.)  (11) 

For  J)(t),  S(t),  and  r(t)  the  Foisson  errors  in  1  (t.)  and  I  (t.)  must  he 

1 2 

propagated  in  order  to  obtain  proper  weiglits  : 

for  I) ( t ) ,  w.  =  1/ (I|((t.)  •+  l  L(t.))  (12) 

for  S(t),  w.  =  1/(1, ((t.)  +  4 Ij_( t j ) )  (13) 

for  r(t) ,  w.  -  3  (1|(  (t.)  +  21^(1. ))/(2  i3r(t.)  -  3r2(t.)  -  2r3(t.))  (14) 
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As  discussed  curlier,  the  anisotropy  parameters  run  in  principle  ho 

extracted  from  I  (t),  l^(t),  l)(t),  or  r(t)  (equations  2  G).  (This  assumes 

that  the  fluorescence  lifetime  can  he  determined  from  magic  angle 
9  122 

experiments"  '  or  from  S(t)).  For  single  exponential  anisotropies,  analyses 
of  I  (t)  and/or  l^(t)  do  yield  accurate  correlation  times.  For  anisotropies 
involving  two  exponentials,  however,  I  (t)  and  I^(t)  require  accurate  fits  to 
triple  exponential  functions.  liven  with  excellent  data,  there  are  a  relatively 
small  numher  of  samples  for  which  the  fluorescence  and  rotational  lifetimes  nrc 
well  enough  separated  to  give  meaningful  fits.  These  problems  are  illustrated 
with  the  following  synthetic  data: 

Data  curves  for  1  ^  (t)  and  I^(t)  were  constructed  hy  convolving  an 
experimentally  recorded  instrument  response  function  with  decay  functions 
representative  of  those  actually  obtained  for  our  perylene  samples: 

(1  (t)  =  1.0  exp  (-t/4. 8)  -  0.40  exp  (t/O.G.1)  +  0.10  exp  (  t/2.0) 

and  (i  (t)  =  1.0  exp  (  t/4.8)  -t  0.23  exp  (  t/0.03)  -  0.08  exp  (t/2.0) 

Poisson  noise  was  added  to  (or  subtracted  from)  the  curves  for  I  (t)  and 

l^(t).  Triple  exponential  fits  of  1  (t)  and  I^(t)  were  unable  to  recover  the 

correct  parameters.  However,  double  exponential  analysis  of  the  synthesized 
difference  function,  I(^(t)  -  I^(t),  and  a  single  exponential  fit  to  S(t) 
accurately  extracted  the  expected  lifetimes  and  pro -exponential  factors,  as 
seen  in  the  following  comparison: 

expected  r(t)  =  0,23  exp  (  t/0.72)  4  0.8(1  exp  (  t/3.4) 

D(t)/S(t)  =  0.23  *xp  (  1/0.71  )  4  0.82  exp  (  t/3.4) 
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Wo  thus  conclude  that  for  data  similar  to  that  obtained  for  perylcnc,  the 
reduction  in  the  number  of  parameters  seems  to  provide  an  important  reason 
for  analyzing  D(t)  rather  than  separately  fitting  I  (t)  and  I  (t). 


3.4  Samples 

In  anticipation  of  developing  samples  which  might  serve  as  useful 
standards  for  anisotropy  measurements,  we  have  employed  eomorcinlly 
available  flnorophore/solvent  eeiahinat ion  which  r<*quire  no  furtlier  purification 
and  piovide  a  wide  range  of  viscosities  and  rotational  correlation  rates  under 
ambient  temperature  conditions. 

Fcrylonc  was  Aldrich  Cold  Label  (99-*?.).  The  glycerol  was  Aldrich  Cold 
Label  (99. 5-*?,) ,  fipectrephotometrio  grade  and  was  shown  by  NftlR  techniques 
to  contain  less  Hum  1?  water.  The  water  used  for  the  glycerol/water 
solutions  was  MCI!  Omnisolvo,  111’bC  grade.  Ail  of  these  were  used  as 
supplied  by  the  manufacturers,  without  additional  purification.  The 
glycerol/water  mixtures  showed  negligible  fluorescence  under  the  excitation 
conditions  used  for  accumulating  data  on  the  perylcnc  samples. 

The  perylcnc  solutions  were  all  1x10  and  had  absorbances  of  less 
than  0.05  at  257  nm.  No  attempt  was  made  to  remove  O0  from  the  samples. 
The  glycerol /water  solutions  used  in  these  measurements  were  80,  85,  and  90? 
(volume  glyoerol/volumc  solution)  and  have  <1?  uncertainty  in  their 
compositons .  This  uncertainty  is  due  to  the  water  (<1?)  in  the  "pure" 
glycerol.  Solutions  were  kept  tightly  capped  to  avoid  the  pick  up  of 
additional  water  from  the  atmosphere.  Steady  state  polai  ir.ation  measurements 


showed  that  these  ulatively  viscous  samples  picked  up  negligible  quantities  of 

25 

water  even  when  cuvettes  were  left  open  to  air  for  several  days. 
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All  measurements  reported  in  this  paper  were  performed  nt  25+l°C.  The 

relationships  between  solution  composition  and  viscosity  are  given  by  Miner 
2  6 

and  Dalton.  The  80,  85  ,  and  00%  (v/v)  solutions  correspond  to  82.9,  87.3, 
and  91.5%  solutions  in  terms  of  weight  percentages  of  glycerol.  These 
solutions  have  viscosities  of  fi.3.5,  111.1,  and  204.0  eentipoise  at  25°C. 

4.  Results  and  Discussion 
4.1  Summary  of  Anisotropy  Data 

Polarized  fluorescence  decays  (1  ( t )  and  1  ^  ( t )  were  obtained  for 

pery lone  in  glycerol / water  solutions  which  were  80,  85,  and  90%  (v/v) 
glycerol  and  which  were  maintained  at  2fdlcC.  The  anisotropy  parameters 
were  analyzed  bv  separately  fitting  D(t)  and  S(t)  and  then  construct  ing1  r(tt 
from  their  quotient.  Difference  curves  were  well  described  by  double 
exponential  decays  whereas  S(t)  was  well  fit  by  a  single  exponential  i  ed.i  . 
expected  for  fluorescence  from  a  single  component. 

A  plot  of  D(t)  for  a  typical  sample  (perylrne  in  S."?  <•',<<  a  ••  ■ 
given  in  figure  3.  These  data  show  an  inversion  in  •  i(  n  (•  ■  :  ,  ,  • 

and  I^(t)),  indicative  of  the  different  signs  of  tin  two  pi.  . 
in  equation  7.  This  characteristic  feature  of  p.t\i.r.'*  . 

anisotropy)  function  can  be  traced  to  tbe  rela'i  . . 
absorption  .and  emission  t  ran'  it  ion  dipole*  .  v 
approximately  short  axis  (x)  pol.,ri.  ■  d  v. 1  .  •  . 

long  axis  (y)  polarized  (***  li(  r.-  1>  • 

dipoles  ,  the  initial  a  no  *.(•  .  \  i  i  c  r  i  i  . 

rotation  about  tv.  V.  .  •:  \ 

rota!  ion  j  •  t  i-  a*!.  -  '  » 

(  t  i  .  !>  •  ill  )  ■ i . 
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This  would  be  followed  by  relatively  slower  (t=(6D^)  *aD^)  decay  to  r(t)=0. 
Such  a  model  accounts  qualitatively  for  the  difference  (and  anisotropy)  curves 
presented  in  this  paper.  The  precise  form  of  these  decay  curves  depends  on 
the  actual  orientation  of  transition  dipoles  and  the  rates  of  rotational 
diffusion.  These  parameters  can  be  determined  from  the  double  exponential 
fits  as  discussed  in  following  sections  of  this  paper. 

The  unpolarized  fluorescence  decays  from  both  S(t)  and  magic  angle 
measurements  of  all  samples  were  well  described  by  single  exponential 
kinetics.  A  comparison  of  these  two  methods  for  the  85%  solution  is  given  in 
figure  4.  The  fluorescence  lifetimes  given  in  Table  1  are  the  average  values 
of  all  measurements  on  a  given  sample.  Our  ability  to  obtain  good  fits  for 
these  curves  indicates  that  the  wavelength  dependent  response  of  our 
photomultiplier  is  well  accounted  for  by  the  "time-shift"  parameter  introduced 
in  equation  9.  The  fluorescence  lifetimes  are  essentially  independent  of 
solution  composition  and  viscosity.  The  average  lifetime  (4.77+0.05  ns)  is  in 
excellent  agreement  with  the  value  obtained  by  Brand  et  al.1^  for  perylene  in 
pure  glycerol  (4. 7+0.1  ns)  and  has  been  shown  to  be  independent  of 
temperature  (over  the  range  10-40°C) . 

A  summary  of' our  anisotropy  measurements  is  giver,  in  Table  1.  These 
parameters  are  derived  from  those  obtained  for  D(t)  and  S ( t )  as  follows: 

D(t)  =  d1e't/Tl  +  d2  •  e~t/T2  ;  S(t)  =  soe“,/Tf 

r  (t)  =  d^/s^xpf-tfl/Tj-I/Tj.)  +c(1/}(?xp(-t  (I/t^-I/tj.) 

« 

ot .  .  .  j  rot. 

)  +  r2oxp  ( — t  +  T g  ) 


=  r1exp(-t/Tj 


(15) 
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The  pre-exponentinl  lifetimes  and  rotational  lifetimes  given  in  equation  15  can 
be  compared  with  those  given  by  the  two  exponential  model  (equation  7)  to 
determine  the  rotational  diffusion  rates  D(|  and  D t  as  well  as  the  relative 
orientation  of  the  transition  dipoles  in  perylene. 

4.2  rreexponential  factors /orientation  of  transition  dipoles 

The  data  in  Table  1  show  that  r^  and  r 2  are  essentially  independent  of 
solvent  composition.  This  supports  the  model  described  by  equation  7  which 
shows  the  pre-exponential  factors  to  depend  only  on  properties  of  the  solute 
(directions  of  absorption  and  emission  dipoles)  and  to  be  insensitive  to 
solvent  viscosity,  temperature ,  composition,  etc.  The  limiting  anisotropy 
(r(0)  =  ri+r2)  obtained  in  our  experiments  (average  =  -0.157  +  0.011)  compares 
well  with  steady  state  measurements  on  frozen  solutions  with  viscosities 
sufficiently  high  to  prevent  rotational  diffusion.  For  example,  r(0)  =  -0.149 

for  perylene  in  glycerol  at  -78°C  and  with  an  excitation  wavelength  of 
25 

256  nm.  The  r(0)'s  should  be  compared  with  a  limiting  anisotropy  of  -0.200 

for  absorption  and  emission  polarizations  which  are  exactly  orthoganol  (4>AE  = 

90°).  In  the  abserec  of  other  depolarizing  effects,  our  value  of  r(0)  (rj+r2) 

leads  to  4AE  =78+29,  4AE  also  can  be  directly  calculated  by  comparing  our 

^(-0.23310.006)  with  the  r?  given  in  equation  7.  This  gives  4AE  =  71  +  1°. 

It  appears,  therefore,  that  perylene's  absorption  and  emission  dipoles 

are  not  orthogonal  for  excitation  at  257  nm.  It  is  important  to  note, 

however,  that  limiting  values  of  r(0)  (e.g.,  0.400  for  colinear  dipoles,  -0.200 

for  perpendicular  dipoles)  are  rarely  obtained,  even  when  the  excitation  and 

29  30 

emission  involve  the  same  electronic  transition.  It  has  been  suggested"  ’ 
that  rapid  (subnanosecond)  internal  motions,  e.g.,  low  frequency  torsional 
vibrations  ("librations")  provide  additional  depolarization  mechanisms  which 
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might  not  be  directly  observed  on  nanosecond  time  scales  and  which  also 
might  not  be  quenched  in  low  temperature,  "rigid"  environments.  This 

possibility  finds  some  support  in  picosecond  anisotropy  measurements  which 

30  31 

have  recovered  r(0)  =  0.40  in' several  systems.  ’  If  these  effects  are 


present  in  our  experiments  they  might  be  corrected  for  by  calculating  4^ 
from  the  ratio  of  r2  and  r^  rather  than  from  their  absolute  values  (note  that 
r^O.lO  and  this  cannot  be  rationalized  by  nonorthogonal  dipoles--see  equation 


7).  This  gives  r^r^ 


3  cos  241,,.  and  for  our  data  leads  to  cos  24  .  „  = 
AE  AE 


-1.01  or  4ae  ^  90°.  If  this  result  is  correct,  then  the  absolute  values  of  our 


pre-exponential  factors  may  be  systematically  low.  However,  -altbough-eur 


be  svstematicallv-4ow .  it  is  important  to  stress 


that  4Ag  =  90°  is  rather  unlikely.  Whereas,  the  strongly  allowed  Sg-^Sj 
transition  is  most  likely  due  to  a  linear  transition  dipole,  the  relatively  weak 


absorption  at  257  11m  probably  involves  vibronic  coupling  with  other  electronic 

states.  This  would  lead  to  mixed  polarization  throughout  the  absorption 

band.  These  effects  are  clearly  evident  in  plots  of  anisotropy  as  a  function 
13 

of  wavelength.  For  ^>360  nm  the  anisotropy  is  relatively  high  and 
constant.  In  the  region  of  the  257  nm  absorption,  however,  the  anisotropy  is 
very  sensitive  to  wavelength  and  it  is  unlikely  that  r=0.20  at  257  nm  or  any 
other  wavelength.  It  thus  seems  reasonable  to  conclude  that  70o<4 ae<90° 
with  a  better  specification  of  this  angle  awaiting  shorter  time  scale  anisotropy 


measurements. 


4.3  Rotational  Correlation  Times/Diffusion  Coefficients 

The  rotational  correlation  times  indicated  in  Table  1  can  be  related  to  the 
rates  of  rotation  about  the  symmetry  axis  (D^)  and  about  any  perpendicular 
axis  (I)  ).  Use  of  a  "cylindrical"  model  (i.e.,  symmetry  axis  is  C^  rather 
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than  C2>  is  justified  both  by  the  good  fits  to  equation  7  and  the  large 

19 

differences  between  D  and  D(  .  Following  Small  and  Isenberg  ,  we  might 

l  f  -J— 

consider  the  case  of  rotation  about  two  perpendicular  in  plane  axes  (e.g.,x 
and  y)  where  the  rotation  rates  differ  by  a  factor  of  two.  Even  in  this  case 
(certainly  an  exaggeration  for  perylene),  the  rotational  decays  (see  equation 
6)  would  be  governed  by  ,  and  thus  will  give  rise  to  no  more  than  three 
discernable  decay  times  (the  cylindrical  case).  The  further  restrictions 
brought  about  by  the  in  plane  orientation  of  the  transition  dipoles  further 
simplify  the  anisotropy  decay  to  the  two  exponential  model  given  in  equation 
7. 


The  rotational  diffusion  rates  can  be  calculated  from  rotational  correlation 
times  given  in  Table  I: 

=  (6DJ-1  and  x^'01  =  (2D^  +  4D|(  f 1 
The  results  of  these  calculations  are  presented  in  Table  2.  Figure  5 
illustrates  the  viscosity  dependence  of  the  diffusion  rates. 

It  is  important  to  note  that  D((  /D^,  like  r^  and  r,,,  is  independent  of 
solvent  viscosity  (D,,  /Dx  =  6.7  +  0.3  for  our  samples).  These  parameters 
thus  should  prove  particularly  useful  in  comparing  experimental  techniques 
and  analysis  procedures  for  anisotropy  measurements  on  a  variety  of  perylene 
samples.  The  viscosity  independence  of  /Vj  shows  that  the  in-plane  and 
out-of-plane  rotations  are  equally  affected  by  changes  in  solvent  environment. 
This  clearly  would  not  be  the  case  if  were  well  described  by  "slipping' 

boundary  conditions  as  opposed  to  the  "sticking"  boundary  conditions 
14  15  32 

appropriate  to  D^.  '  ’  Roth  motions  must  require  displacement  of  solvent 

molecules  as  is  most  clearly  $een  in  a  comparison  of  diffusion  constants 
associated  with  free  rotation  (D  ^  lO^sec  *)  with  those  obtained  here  (D  x. 


107-108sec'1). 
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4.4  Summary  of  Anisotropy  Parameters  for  Perylene 

A  tabulation  of  /Devalues  obtained  using  several  measurement 

techniques  and  analysis  procedures  is  given  in  Table  3.  The  parameters  from 

13  14 

earlier,  steady  state  studies  '  ’  tend  to  be  less  accurate  than  those  from 

15-17  33 

time-resolved  measurements.  ’  This  reflects  the  inherent  difficulties  in 

extracting  time,  dependent  information  from  steady  state  data.  /D^  values 

16  15 

from  several  time  resolved  studies  (Zinsli,  et  al.,  Harkley,  et  nl,,  and 
the  present  work)  and  from  a  recent  phase  modulation  study  (I.akowicz  et 

17 

nl.  )  are  in  general  agreement.  These  studies  also  demonstrate  that  /D^ 

is  essentially  independent  of  both  solvent  viscosity  and  temperature. 

Combinations  of  solvents  and  temperatures  which  change  and  by  more 

than  two  orders  of  magnitude  have  no  perceptible  effect  on  their  ratio.  Any 

discrepancies  between  /D^'s  from  different  studies,  therefore,  must  arise 

from  differences  in  the  methods  by  which  these  parameters  are  obtained. 

The  generally  good  agreement  in  the  rotational  correlation  times  and 

diffusion  rates  contrasts  the  equally  striking  disparity  in  values  given  for  the 

pre-exponential  factors.  These  factors  arc  considerably  more  sensitive  to  the 

quality  of  data  and  analysis  procedures  and  thus  provide  a  natural  focal  point 

for  comparing  different  methods  used  for  studying  fluorescence  anisotropy. 

The  pro-exponential  factors  should  be  completely  specified  by  properties  of 

isolated  perylene  molecules  (i.e.,  the  relative  orientations  of  the  absorption 

iasr  n<ri  i  >vg 

and  emission  transition  dipoles)  and  should  be  -sensitive)  to  solvent, 
temperature,  or  the  procedures  by  which  these  parameters  are  obtained. 

Comparing  pre -exponential  factors  from  different  experiments  is  somewhat 
complicated  by  the  wavelength  dependence  of  these  numbers  (see  equation  7). 
Previous  experiments,  however,  fall  into  two  distinct  groups:  those  in  which 
perylene  is  excited  into  the  lowest  energy  absorption  band  (r (OJ^'0 . 400  and 
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-v.  0)  and  those  in  which  excitnfion  is  into  the  spectral  feature  centered  at 

256-257  nm  (r(0)  >  -0.200  and  <  90°).  The  first  set  of  experiments  all 

involve  excitation  in  spectral  regions  (X>350nm)  where  r(0)  is  wavelength 
13 

independent  and  should  lead' to  common  preexpoi^pntinl  values.  These 
measurements  along  with  data  for  short  wavelength  excitation  conditions  are 
summarized  in  Table  4. 

1 6 

Zinsli's  temperature  dependent  preexponentials  arise  from  a  model  D 

which  superimposes  temperature  dependent,  librational  motions  (cf.  the  low 

frequency,  torsional  motions  discussed  in  section  2.4)  on  the  rotational 

diffusion  model  employed  in  this  and  other  studies.  The  simpler,  double 

exponential  model  accounts  for  the  observed  kinetics  and  temperature 

independence  of  the  preexponcntials  over  the  10-40°C  range  investigated. 

Librational  motions  of  perylcne  may  well  be  important,  (e.g.,  in  explaining 

r(0)'s  <  0.400  for  long  wavelength  excitation  of  perylene)  but  appear  to 

require  a  model  different  from  that  proposed  by  Zinsli. 

17  34- 38 

Grafton,  Lackowicz  and  others  '*  recently  have  applied 

multifrequency,  phase  modulation  techniques  to  the  measurement  of 

1 7 

multiexponenlinl  anisotropy  decays.  In  the  case  of  perylene  ,  rotational 

correlation  times  and  diffusion  rates  are  comparable  to  those  determined  by 

time-resolved  methods.  Pre-exponent  ini  factors  obtained  by  those  two 

methods,  however,  are  not  in  good  agreement.  The  ratio,  r^/r^,  determined 

17 

by  modulation  techniques  leads  to  =  29°  which  is  cle.irly  inconsistent 
with  the  expected  colinearity  of  absorption  and  emission  dipoles  for  excitation 
into  perylcrie's  lowest  energy  .absorption  band.  Altliougl  frequency -domain 
techniques  show  considerable  (promise  for  unraveling  complex  (multioxponential 
and  nonoxponcntinl)  anisotropy  decays,  more  work  is  needed  to  reconcile 
these  initial  results  with  those  obtained  from  time  domain  measurements. 
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The  anisotropy  parameters  (rotational  diffusion  rates  and  pre-exponential 
15 

factors)  of  Barkley  et  al.  are  in  relatively  good  agreement  with  those  of  the 
present  investigation.  Any  comparison,  however,  must  consider  some 
fundamental  differences  in  the'  analysis  procedures  employed  in  the  two 
studies.  The  apparent  use  of  Poisson  distributed  weights,  rather  than  the 
weights  given  by  equations  12,  13,  and  14  must  lead  to  systematic  errors  in 
fits  to  D(t),  S(t),  and  r(t).  This  can  be  illustrated  by  comparing  fits  to 
simulated  S(t)  and  D(t)  curves  using  correct  and  incorrect  (Poisson) 
statistical  weights  (Table  5).  The  simulated  parameters  (which  duplicate 
those  we  have  obtained  for  pcrvlene)  can  only  be  recovered  by  using  the 
proper  weights.  The  use  of  Poisson  statistics  makes  little  difference  in 
fitting  S(t).  For  fits  to  D(t),  however,  these  weights  lead  to  systematic 
errors  in  the  relevant  parameters.  The  pro-exponential  factors  are 
particularly  sensitive,  e.g.,  changes  f>'«m  -2.9  to  -2.0  in  changing  from 

the  correct  weights  (equation  13)  to  the  Poisson  weights  used  in  the  earlier 
work.  Such  differences  may  contribute  to  the  apparent  discrepancies  between 
rj,r2>  and  rg/r^  vn*ucs  obtained  in  the  two  studies. 

The  "global  analysis"  procedures  employed  by  Barkley  et  al.  also 

require  comment.  The  anisotropy  parameters  were  obtained  by  simultaneously 
fitting  decay  data  obtained  at  two  excitation  wavelengths 

-t/4>  - 1  /  4>  , 

r(t)  =  r.e  1  +  r.e  2  X  =  430  nm 

1  2  ex 

t/<t  t/<t  . 

r(t)  =  TjC  1  -  r^e  2  ^  =  256  11m 

< 

The  rotational  correlation  times,  and  41,,,  should  indeed  be  independent  of 
the  wavelength  used  for  excitation.  On  the  other  hand,  equation  7  shows 
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that  r2(430)  =  -r2(256)  if  and  only  if  ♦A£(430)  =  4>AE(256)  +  */ 2.  Excitation 

at  either  wavelength  results  in  the  same  emission  dipole  (S^  *  Sp).  We  thus 

can  express  the  restrictions  expressed  in  the  above  pair  of  equations  as 

<t  .(430)  =  4.(256)  ±  n/2  where  4,  is  the  relative  orientation  of  the  (in-plane) 
A  A  A 

transition  dipoles  for  the  two  absorptions. 

This  restriction  would  be  satisfied  if  the  430  ntn  absorption  (S^  *  S^) 
were  long  nxis  (y)  polarized  and  if  the  256  rail  absorption  (S^  +  S^)  were 
short  axis  (x)  polarized.  The  first  of  these  conditions  may  well  be  attained. 
There  is  less  justification  for  the  265  ntn  absorption  being  perfectly,  short 

nxis  polarized.  The  steady  state  polarization  (and  anisotropy)  of  perylene 

1 3 

depends  on  excitation  wavelength  for  absorption  in  the  256  ran  region.  The 
absorptions  are  sufficiently  weak  to  implicate  the  mixed  polarizations 
associated  with  vibronic  coupling  as  discussed  in  section  4.2.  That  4>A(430)  4 
<t  A  ( 2  5  G )  in/?  also  is  suggested  by  the  pro-exponential  factors  obtained  by 
Harkley  ot  nl.  (r2=-0.24  and  r2/rj  =  -2.4  versus  r2  =  -0.30  and  i^/rj  =  3.0 
for  short  axis  absorption  followed  by  long  axis  omission).  "Global  analysis" 
clearly  provides  a  useful  approach  for  cases  in  which  there  are  known, 
verifiable  relationships  between  different  decay  curves,  e.g.,  in 
simultaneously  fitting  I|(  (t)  and  I^(t).  *  In  the  present  situation,  however, 
the  assumption  that  r2(430)  =  r ^ ( 2 56 )  may  place  artificial  restrictions  on  these 
pa  rameters. 

5.  Conclusions 

The  fluorescence  an  isotropy  of  perylene  in  solutions  of  glycerol/ water  is 
well  described  by  a  hi  -exponential  model.  For  excitation  at  257  nm, 
r(t)  =  (0.077±0.00G)exp(-t(6D/_))  -  (0 . 233  +  0 . 006)cxp(- 1 ( 21^  +41)^  ) )  (16)  A 

double  exponential  model  should  be  rigorously  correct  for  rotations  in 
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molecules  with  cylindrical  symmetry  (i.e.p  possessing  a  Co  axis)  and  with 

5  6 

electronic  transitions  polarized  in  the  plane  perpendicular  to  the  Co  axis.  ’ 

19 

The  first  of  these  conditions  is  effectively  met  by  the  comparable  rotational 
diffusion  rates  about  any  of  the  in-plane  axes  (e.g.,  DxirD^--see  figure  1). 
The  second  requirement  is  satisfied  by  the  'mi*  transitions  monitored  in  this 
experiment. 

The  above  equation  appears  to  describe  perylene  for  a  broad  range  of 

15 

solvent  viscosities  and  temperatures.  Although  and  D^depend  on  solvent, 
D(/D^is  constant  (^7/1),  indicating  that  the  in-plane  and  out-of-plane 
rotations  are  equally  affected  by  changes  in  environment.  Both  rotations 
must  displace  solvent  molecules^  thus  blurring  the  distinction  between 

"sticking"  and  slipping"  often  applied  to  the  two  motions .  ^  con^ras^ 

to  the  rotational  diffusion  rates,  the  pre-exponential  factors  are  insensitive  to 

solvent,  being  completely  specified  by  the  relative  orientation  of  electronic 
5  6 

transition  moments.  ’  Our  results  indicate  that  the  absorption  and  emission 
dipoles  are  displaced  by  at  least  70°.  Orthogonal  dipoles  cannot  be  excluded, 
but  there  is  little  evidence  from  this  or  other  studies  to  support  such  a 
conclusion. 

The  experiments  establish  a  physical  basis  for  the  bi-exponential  model. 
The  primary  purpose  of  this  study,  however,  is  to  establish 
perylene/glycerol/water  as  a  potential  standard  for  time-resolved  anisotropy 
measurements  which  cannot  be  simply  described  by  single  exponential 
kinetics.  Our  samples  provide  several  advantages: 

1.  The  components  are  readily  available  and  can  be  used  without 
futher  purification. 


2.  The  photophysical  properties  of  pcrylene  are  well  understood  and 
lead  to  straightforward  interpretation  of  the  parameters  describing 
the  bi-exponential  anisotropy  decay. 

3.  The  apparent  constancy  of  r^,  r and  D(( /Drover  a  range  of 
solvent  compositions  and  temperatures  means  that  the  results 
expressed  by  equation  16  should  be  applicable  to  both  longer  and 
shorter  (subnonosecond)  time  scales. 

4.  The  pro -exponential  factors,  unlike  the  more  easily  measured 
rotational  correlation  times,  are  particularly  sensitive  to 
experimental  techniques  and  analysis  procedures. 

The  anisotropy  parameters  (r^,  r^,  and  D  ,  and  D^)  wore  obtained  by 
separately  deconvolving  properly  weighted  sum  and  difference  curves  and 
then  reconstructing  the  anisotropy  according  to  the  two  exponential  model. 
This  procedure  reduces  the  number  of  parameters  in  the  least  squares 
analysis,  a  critical  simplification  for  systems  exhibiting  multi  or 
non-exponential  kinetics.  Other  analysis  techniques,  c.g.,  the  simultaneous 
analysis  of  parallel  and  perpendicular  decays*1  and  "global"  analysis,10  may 
well  have  advantages,  but  these  may  not  be  realized  for  complicated 
anisotropy  decays  such  as  those  of  pcrylene. 

Our  analysis  focuses  on  the  relevant  differences  between  the  parallel  an 
perpendicular  decays.  Individual  decays  "iid  to  be  dominated  by  changes 
due  to  the  fluorescence  lifetime.  Goodnc  .  of  fit  calculations  thus  may  be 
less  sensitive  to  parameters  governing  tic  anisotropy  and  may  depend  on  the 
fitting  range  employed,  especially  when  the  anisotropy  decays  more  quickly 
than  the  fluorescence.  It  ulsc^  should  be  stressed  that  shnulatneous  fitting 
and  "global  analysis"  will  tie  advantageous  only  if  the  relationships  between 
the  various  decay  curves  are  wcll-estnblislicd.  Simultaneous  analysis  of 
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parallel  and  perpendicular  decays  obtained  under  identical  eatron  conditions 
clearly  is  justified.  On  the  other  hand,  the  simultaneous  fitting  of 
anisotropies  obtained  at  different  excitation  wavelengths  may  well  put  artificial 
restraints  on  the  parameters  extracted  from  such  fits. 

Improvements  in  time-resolved  fluorescence  techniques  have  pushed 
anisotropy  measurements  beyond  the  determination  of  single,  average 
correlation  times.  Movements  of  macromolecules  in  solution  have  been  shown 
to  involve  non-exponential  and  multi-exponential  anisotropy  decays. 

Considerable  theoretical  effort  has  provided  models  for  the  restricted  motion 

7  8  9 

of  membrane  probes,  the  internal  motion  of  biopolymers,  ’  and  the 

rotational  motion  of  unsymmetrical  fluorophorcs.  The  samples  described  in 

this  paper  may  lend  to  a  critical  comparison  of  the  methods  and  models  by 

which  these  complicated  motions  can  be  measured  and  understood. 
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Table  2  The  Principle  Diffusion  Coefficients  of  Perylene  i 
Glycerol/  Water  Solution  at  25°C.  (  X  =  257nm) 


Table  3.  D../D  values  for  perylene 
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lu  llijv  i onim'iim  ,i Hi. ii  vvo  u-pi.i  i  vuiiu*  ek-<  in*im  ipeel  i.il  studies . m  ,i  soluble  pi  <l\  di.wrtv  li-nc  ['•  d\  |4  ,f»  dei  ,uh\  tie  II" 
bo  Huiinw  I  me-! li\  lene  metlune 1| .  4  |U  All  I  lu-  tesulls  «d>t.mied  .no  oiiti|\t  table  i» *  •  »m  previous  studies  mi  another 

soluble  |*i *l\  *li.u  etv  lent*  pol\  [  1 0,1  2  -doinsa-hy  tte •  I  .2 2  bis  t phem  I  acetate )  | .  ‘>I'A  I  In1  essent i.il  dil  It  leiue  between  these 
two  sv  stems  in  Mu!  4|{(  Ml  -  lonlaim  sulertoups  capable  <*1  loi  mini'  hv  dimwit  l»* »mlv  parallel  to  Mr-  p«»|v  met  chain  u  licteas 
tlu*  **P  \  snlernnipv  cannot . 


I  Introduction  and  experimental  methods 

A  nntnhei  of  reviews  ate  now  available  which  to¬ 
lled  I  he  widespicad  inteiest  in  the  Held  of  solid-stale 
po|\ met  i/at  ion  of  disuhstitutcd  diacet  v  lenes  |l  4| 
Polsdiaeelylenes  (heteallei  icleited  to  as  PDAs)  have 
the  general  st  i  net  me 

|RC  (  (  C’R|W -  (I) 

Owing  lo  the  insolubility  of  most  PDAs  in  common 
organic  solvents,  attempts  to  study  then  solution  prop¬ 
ci  tics  temaincd  unsueeesshil  until  Patel  et  ai.  dis- 
coveted  that  appropiiate  choice  of  t he  sidegroups  R 
and  K  piovides  soluble  polymeis  |5,h|.  I  lie  intense 
optical  abruption  maximum  ol  the  conjugated  poly¬ 
mer  backbone  typically  shifts  stone  55(H)  cm  1  to 
higher  enetgv  on  dissolution  ol  such  PDA  crystals 
I  bis  has  been  attiibuted  to  disiuplion  ol  (lie  initially 
fully  extended  conjugated  backbone  to  give  a  dislubu- 
lion  o|  >horl  conjugated  segments  |5  7). 

I  he  intense  optical  absoiption  of  PDAs  is  well 
recognised  as  being  cxcitonic  in  character.  Very  little 
woik  (either  expciimental  <*r  theoretical)  has  ap¬ 
pealed  related  lo  exciton  dynamics  in  such  conjugated 
s>  stems.  I  his  is  principally  due  to  the  absence  of  lluo- 
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lescerice  emission  tiom  PDA  single  civstaK.  Disoidcied 
and  defected  PDAs  aic  known  lo  he  weakly  llimres- 
cent  |X  I 4  \ .  As  part  of 'our  studies  of  lluoiescence  in 
such  systems.  we  iepmt  heie  si  tidies  ol  absorption  and 
fluorescence  excitation  and  emission  <>|  a  soluble  PDA 
containing  me  I  bane  sidegroups.  UK  Ml',  wbete 

R  -  K'  -  (Cl  I,  )4  ()(()  Nil  (()()(  4lh, 

in  structure  <1)1  hose  supplement  the  similar  studies, 
repotted  picviouslv  jS ).  cat  tied  out  on  anothei  solu¬ 
ble  PDA  poly  met.  gPA.  where 

R  -  R  -  ((  H:h,  0(0(11, 

Die  piiticipal  dilieience  between  these  two  po|\ 
mcis  is  dial  hydtogcu  bonds  can  be  loimed  between 
the  sidegmnps.  paiallel  to  the  poly  met  cliain  it i 
4BCMI'  and  other  met hane-sidegioup  containing 
polymers  |5,(».I5  |.  wheioas  the  sidegroups  of  'M’A  do 
not  mieract  m  this  niantiei.  1  he  loimot  compounds 
undergo  a  bathochtomic  shift  when  eilhei 

(a)  a  non  solvent  is  added  t * »  a  solution  in  good  sol 
vent,  ot 

(h)  the  solution  is  cooled,  ot 

(c )  the  concent  i  at  ion  ot  the  p*  »l\  mei  is  mu  eased 
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I1 '! mril  «pn  lulling'  solutions  e« *iil. unol  in  .i  mm 
ihii’u  fci  ifii.tr ^ /  tuhe  in  .i  I  .*f  Mask  c « *n * .iiriiiit.’ 

Il>  J'lld  |lll|Mi!«'ll 


2  Results  ami  discussions 

S>  •  I  m  inns  n|  4|{(  Ml  in.'  Mi  III  .iml  i  liU'iolMitn 

1 1  IU'  4  I  • "  v\  x  I '  1 1  1 !  I  f  .  ll.i  .lUsnipIlMli  spOv.  1(4  410  OS 

xf  1 1 1  i.i U  v  |i |r ill  I  4I  with  lli.il  « -I  ‘M’  \  J''  |  wo  ill’ll*  *le 

llus  .|s  »hv  >  J'h.isi  (  •••■■  I  1^*  I  4)  <  Miilnu*  lilt ■  '».»|||fn>|l 


V- 

s*.o 

S  40 


SIC 


*>M 


SPO 


SIS 


I  :: 

490 

-  4  445 

SOO  600  7(*0 

WAVtllNGTH  ( n  m  I 


Ml  add  me  4  lit ’ll  m  »l\r  ill  1 1ll-  \.|||I  |  Im  4  irmul  Ml|\clll 
i  '  Mllll  Ml  1  IiImimImi  in  \  1  o-Htllf  n  III  .1  IV 1 1  sol  at  |M|| 

W  V  deilOlO  tills  .IS  1  I  |V  R  I'llJSV  (  Sl*v  I  IV  1  I  ’  I  Allllll  II  'll 
« *  I  p'Mil  sohvill  m|  IkmIiIii:  1 1  iv  1 111  ilf'tl  solutions  1.  *  'll 
\0l  IS  I  l|<  111  1*4.  k  |M  I  f IV  N  pll.iso  (  till  (VMlflS  4K-  Slfltll.tr 
t m  1  |i> »w  1  i*|»i ui od  In  m) livi  work  vi  s  |  s  ,(<|  1 1 iv  j  114 11 

him  \  ivhl  m|  iIumivm  vikv.  ','>1 .  I m  1  1  Ik*  \  ellow  solution 
m(  IH(  Ml  m  (  ||(  li  was  tomul  to  he  ,ipp(o\nii;m*h 
•  Ml  * .  i  m  1 1 1 1 14 1  v  1 1  will)  1 1 1  v  4  h  so  In  I  v  \  1  v  1 1 1  m  t 
4  '  III  1  mI  1  s  .1  mi!i tii >ii.ipht halene  siil|>liM|i4i v  1 
I  mi  np  A  in  C  1 1<  I ,  is  .ij,pio  \tmalek  4  s  ■  1 U  '  |  A 
wIIm\s  to  ifil  plass  I depending  011  ilir  1111h.1l  poUrnei 
t  ••tu  nil  mi  ion  1  i\  ohi.mivtl  In  m pulls  1  leo/tii).*  1 1n'  'i 
phase  in  2  M  1 1 1|  lo  ”■  K  as  dlspl  n  r»|  In  I  iv  2  I 
phasv  1  1  ho  lluoioscciko  sped  1  a  .110  iihuv  intense  al 
K  ilian  al  loom  tvmpoiatmo  I  ho  vul"iit  Juices 
mi  I  roo/iiu*.  mi'll  1  in’  1  \  Jos  ato  stnulai  tot  hoso  oh 
soi vr  1 1  I m  1  l»|’A  i'I.iss  outlined  in  sdieine  I  o|  iot  Jv'  | 
t.)uoiii  hi lu*  the  R  phase  solution  ivsiills  in  l he  spw  - 
ha  shown  in  he  '  t  Rt<  phase)  lie  l  cuupaios  the 

Ihioirsv  viive  emission  spot  ha  of  (,j»  \  and  4 IK  Ml  for 
the  loHospomlmi1  K«,  •  and  RM  phases  at  k  \  lea 
lute  .ipp.ueni  hoiu  the  tlnoiesveiiee  emission  m|  those 
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WAVELENGTH  Inm)  WAVflENGIH  Inm) 
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polvmeis  is  that  the  total  fluorescence  > iold  ol  the 
|< R -g lass  is  less  ilun  lliat  lor  the  coi  responding  R^ 
plass  h>  a  l.ioi"i  ol  up  to  3.5  depending  on  the  initial 
toiueniiafioii  of  the  polvrrrci.  I  his  is  expected  be¬ 
cause  t'l  the  lower  enliopv  (greater  outer  I  ol  the  R^- 
pliase  Whereas  the  spectral  pmlilesot  'IPA  loi  the 
K n  phase  show  well  developed  vihionic  sidebands 
witli  shills  lioin  zero-phonon  peaks  ol  about  I  5()() 
and  .Mud  sin  1 .  ihara,  tensile  ol  the  ( '=(  and  (  (‘ 
streuhmg  modes  o|  the  acelvlemc  poKmer  haekfione 
stuii  ime  lespevtiselx .  4li(  Ml'  spectral  pioltlos  flip.  3) 
aie  rathet  less  structured  I  Ins  makes  it  iht I ictill  to 
nit  tit  its  hand  ouems.  I  he  |h  phase  consists  puna- 
pallv  ot  twtt  disiniLl  molecular  conformations  with 
emission  and  absorption  hands  oceuri nip  roughly  at 
*  I  >  ;i iu I  ,'lt)  nm.  and  >><)  ami  >3(1  mil.  respective!)  . 
Ouerii  lung  o|  the  R«  phase,  obtained  altei  a  shoil 
aime.ilme  lime  at  room  temporal  me.  leads  to  a  teduc* 
t»<m  «»t  the  5  I  >  nm  emission  hand  together  with  the 
ass"Liatetl  mImoiiic  sidehamls  winch  appeal  as  shoul¬ 
der  sin  lie  1  )  lie  other  conformation,  dominant  in 
the  K,<  phase  (shoulder  in  R^  t.  is  apparently  cieated 
to  some  extent  at  the  expense  o|  the  initial  confoima- 
1 1>  «ii  ol  R  ^  phase  I  he  same  I  tend  is  also  ohsei  veil  lor 
"I*  \  pohrnei  | >s |  I  or  vei\  dilute  4R<  MU  polymer 
solutions  <•  "  •  l ( I  *  nip  ml  1  i  the  emission  spectra 
ro pi i  Nt*n f mi*  .nnf  phases  .ire  W'frr.rHc  iderifrc.r/ 
ex»rpt  loi  a  small  mtensitv  ihfleienie  I  mission  spec- 
iia  weie  Lorrei  led  Im  leahsoiplmn  I  ln»m*h  expeii- 
ii  k  nr  a  I  pi  op  it  ins  I  mill  the  as  s  m  .n  v  <d  this  cm  res  I  ion 
tli-  emission  miciiMlv  ol  the  M  >  nm  peak  ol  the  R^ 
i daw's  was  toiind  to  he  vutuallv  tmlepemlent  «d  the 
ton,  eiiiiatioii  | lie  A  phase  solutions 

I  he  •  h  lliees  III  speL  I  l.ll  pioil|t-  w  It  1 1  OXs  Hat  |o|| 
w.nel  ’iigili  .  an  he  explained  as  l he  xiipei posit ion  ol 
the  two  spe,  Jr.,  V\  nit  emission  oi  ipms  at  >  I  >  and  >>l) 
nm  I  he  r.,i  mil  e  xhihits  rial  row  vihtonu  emission 
when  the  e\-  it.ilioii  is  hi  the  lemon  o|  the  /eio  phonon 
peak  t  >  lit  U'*l  nm)  Similar  ellrits  have  been  oh 
s-  i  \  *•  1 1  tm  '»!’  \  e  lasses  at  IK  |3U|  I  Ins  snpeiposttion 
suepexK  ih.ii  there  is  no  Iasi  eneies  tiarufer  helween 
lie  po|\  met  spe,  ies  lespoiisihle  lot  these  emissions 
Sm,  e  ie  ojdeuni'  ol  liiph  uiolei  ulat  Wright  semi  Ilex 
ihle  ell! aMi'led  po|\  meis  fs  llkel\  lo  hr  a  slow  pro*  ess. 
we  In  lies e  fh  it  pi-  i  ll l sot  spe,  ies  Wlliislinil.il  uMitoi 
111  |I  tons  ll,  I  hose  ot  I  |n*  spe,  ies  Im/rii  in  .lie  classes, 
n msi  e x i s i  in  the  poK  i ne i  sohiliims  |.'  I  |  I  he  •  •»m  en 
itaMon  depended,  e  ol  emission  ,md  ahsoipliou  «*h 


serve  leads  to  the  following  conclusions.  1  he  precur¬ 
sor  responsible  for  the  5  I  5  mil  emission  is  present  m 
nearly  equal  amounts  in  dilute  R-  and  A  phase  solu¬ 
tions.  and  the  quantity  of  precursor  or  precursors, 
responsible  lor  lire  550  nm  emission  increases  with 
concentration  foi  hoth  R -ami  A  -phase  solutions. 

Iliexc  conclusions  follow  horn  the  lowci  quantum 
efficiency  foi  emission  resulting  from  the  species  ab- 
soihinp  at  530  relative  to  that  ahsoilung  at  5  10  nm 
I  he  R  A  transition  lor  3- and  4  R(  MU  has  been 
interpreted  as  cither  a  mil  -*  coil  transition  ol  isolated 
chains  |5  7.I5.32.33|  oi  as  an  aggiegation  phenom¬ 
enon  1 34 ,25  |  I  he  ahsmpt  ion -’fluorescence  data  ol 
seveial  |*|)/\s  clear ly  indicate  that  distinct .  different 
backbone  conformations  occm  in  the  V-  and  R- 
pliases.  I  he  absorption  profiles  tor  the  Y  phase  ol 
seveial  R|)As  suggest  that  the  interactions  helween 
the  sidegroiips  are  minimal,  if  they  occm  at  all  fn  the 
case  of  the  methane  sidegnmps  containing  I’DAs.  the 
dynamic  natuie  ol  the  A  phase  solutions  will  involve 
a  competition  between  lire  formation  and  disruption 
ot  hydrogen  bonds  between  the  sulcgioups;  the  latter 
being  dominant.  A  clear -tut  assignment  ot  the  micro- 
scopic  struclme  in  the  R -phase  is  dillicuh  because  ol 
contlicting  experimenia!  data.  Roth  possibilities  could 
occur  loi  dillerent  PDAs,  ll  is  possible  that  sidegroup 
intct.umlinn<  lock  m  con  form./ from  in  the  K- 

phase,  preventing  the  lonnation  ot  an  extended  rod- 
like  eon  foi  mat  ion.  and  a  chain  folded  mrciociv  stalhne 
motpholngv  could  result  from  the  collapse  ol  the  A- 
phase  |2(>|.  Such  a  coiilmmation  could  occur  inde¬ 
pendent  of  sidei'ioup  hv iliogen  homl  loimalion. 

I  Inis,  though  the  details  ot  lire  polv  met  confoimat ion 
will  depend  on  the  balance  ol  intei  and  ml i a  chain 
mieiactions.  ti  seems  likelv  that  the  A  -  to  R  phase 
transition  (and  vice  versa)  is  essentiallv  backbone- 
dnven.  more  or  less  independent  ol  the  sidegroup 
I  be  rinei  pietat ion  «>|  the  fluorescence  data  given 
above  indicates  that  aggregation  o|  polymer  chains 
o,  i  uis  m  both  A  and  R  phase  sohiiioiix  at  all  concen¬ 
trations  I  heie  are  several  possihiln ies  loi  thepiecur- 
sor  ol  the  >  III  mu  ahsoibmg  species.  I  hose  include 
chain  ends,  non  pi. mar  conloimati-ms.  loi  example, 
i  is -helix  or  a  lm<  kled  Ira  ns  locked  in  by  sidegroup 
inleia, lions  I  miner  experiments  ate  m  hand  to  tiv 
to  disimgnish  helween  ihese  possibilities 
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